M>-A1CC  274 
UNCLASSIFIED 


EXPERINENTRL  STUDV  OF  ELECTRONIC  STATES  AT  1/1 

HETAL-DIELECTRIC  INTERFACES. .  (U>  CORNELL  UNIV  ITHACA  NV 
LAB  OF  ATONIC  AND  SOLID  STATE  PHVSICS. .  A  J  SIEVERS 
23  DEC  OS  AFOSR-TR-86-OOSO  AFOSR-81-0121  F/G  7/4  NL 


AD-A166  274 


LECTE 


secupity  Classification  of  this  page 


REPORT  security  CLASSIFICATION 
•  V 


REPORT  DOCUMENTATION  PA 


10.  H£SrHICTIVE 


SECO«iTY  classification  authority 

open 


OtCLASSlFlCATION/OOVYNGRAOlNG  SCHEDULE 

EHFORMING  ORGANIZATION  REPORT  NUMBER(S) 


3.  oistrisution/availasility  of  report 

Approved  for  puMio  release ; 
distribution  unliaiitud. 


6.  monitoring  organization  report  numberisi 

AFOSR-TR.  86-  0080 


^AM£  OF  PERFORMING  ORGANIZATION  |6b.  OFFICE  SYMBOL  7«.  NAME  OF  MONITORING  ORGANIZATION 

i  appUcable  t  A  cnr*  r> 


Cornel  1  University 

«OORESS  Slatt  and  AlP  Cod«( 

Clark  Kail 
Cornell  University 
Ithaca,  NV  14850-2501 

8a  name  of  PUNOING/SPONSORING 
ORGANIZATION 

AFOSR 

8c.  ADDRESS  {City.  Stale  and  ZIP  Codt*> 

Bolling  AFB,  Bldg.  410 
Washington,  D.C.  20332 

11.  TiTlE  (Inciude  Security  Clasexficoiioni 


I 


AFOSR 


7b.  ADDRESS  iCIty.  Slate  and  ZIP  Code! 

Bolling  AFB,  Bldg.  410 
Washington,  D.C.  20332 


Sb.  OFFICE  SYMBOL  9-  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(K  appiicabl^l 


^  1  l  rvc  k'  1  -  0  i  rj,  / 


10.  SOURCE  OF  FUNDING  NOS. 


Le  itnciude  becunty  L/oiiiAicodon/  I' 

Experimental  Study  of  Electronic  States. 


PROGRAM 

element  no. 

b'.wo'd  1- 

PROJECT 

NO. 

-j 

\2.  personal  AUTmORISI 

- A...J.  Sievprs  _ 

13a  type  OF  report  13b.  TIM 

Fln:\l  Tl^c,K>.MC.-|  I _  , 

16.  supplementary  notation 


13b.  TIME  COVERED  I  14.  DATE  OF  REPORT  (Yr..  Mo.,  Day} 

FROM.‘a/a/:ri  to 5-/3 //-kd  12/23/85 


17 

cosati 

cooes 

FIELD 

GROUP 

SUB  GR 

L _ 

18  SUBJECT  TERMS 


I  trKeVc.ii 

19.  ABSTRACT  (Continue  on  reverse  if  necettary  *ind  identify  by  blocH  numbe 


Novel  high  resolutions  electromagnetic  wave  techniques  have  been  used 
in  the  optical,  infrared  and  far  infrared  spectral  regions  to  explore  the 
electronic  states  at  metai dielectric  interfaces.  Because  infrared  surface 
plasmons  on  metal  surfaces  propagate  for  many  wavelengths,  a  measurement  of 
the  transmission  of  these  surface  excitations  has  proven  to  be  a  sensitive 
probe  of  the  surface  itself.  Both  broadband  and  single  frequency  genera¬ 
tion  techniques  have  been  developed.  Reconstructed  surfaces  as  well  as 
surfaces  covered  with  a  chemisorbed  atomic  monolayer  or  a  thin  dielectric 
or  molecular  film  have  been  investigated  with  these  new  methods. 


30-  OISTRIBUTION/AVAILABILITY  OF  ABSTRACT 

UNCLASSIFiED/UNLIMITEO  ffl  SAME  AS  RPT  C  OTIC  USERS  O 


22b  telephone  number 

{include  1  rvo  Cotie; 


DD  FORM  1473,  83  APR 


(607)  256-6422 


EDITION  OF  1  jAN  73  iS  OBSOLETE 


22c  OFFICE  SYMBOL 

f 

iV-'i. 


FINAL  TECHNICAL  REPORT 


February  2,  1981  -  May  31,  1985  ,  ,  ,  / 


Experimental  Study  of  Electronic  States  a^ Interfaces 


Submitted  to: 


AFOSR/NE 

Att:  Capt.  G.  T.  Rosalia 


Submitted  by: 


Cornell  University 
Ithaca,  NY  14853 


Principal  Investigator 


A.  J.  Sievers 
Prof,  of  Physics 
Lab.  of  Atomic  and 
Solid  State  Physics 


Approved  for  publlt  rtleast  r 
distribution  unlimited. 


Table  of  Contents 


Page  No. 


I.  Abstract .  1 

II.  Objectives .  2 

III.  Accomplishments  .  3 

A)  Optical  Properties  of  Ag  Mirrors  .  3 

B)  Infrared  Surface  Electromagnetic  .  6 

C)  Anomalous  Far  Infrared  Absorption  by  lOOA  Metal 

Particle  Composites  .  9 

IV.  References .  12 

V.  Publications  (1984-1985)  13 

A)  Infrared  Surface  Plasmons  on  Clean  Metal  Surfaces  ...  14 

B)  Observation  of  an  index-of-refracti on- induced 

change  in  the  Orude  parameters  of  Ag  films .  10 

C)  Mie  resonance  for  spherical  metal  particles 

in  an  anisotropic  dielectric  .  23 

D)  Effect  of  Melting  of  the  Metallic  Component  on  the 
Anomalous  Far-Infrared  Absorption  of  Superconducting 

Sn  Particle  Composites  .  26 

E)  Absorptivity  of  CePda  from  5  to  400  meV.  30 

F)  2  DEG  in  Ioq .53680 .47As/InP  Heterostructures 

Grown  by  Atmospheric  MOCVD .  34 

G)  Observability  of  Quantum  Size  Effects  in  Small 

Metal  Particles  by  Absorption  Spectroscopy  .  .  .  35 

H)  First  SEW  Observation  of  Surface  Reconstruction 

on  W(IOO) .  36 

I)  Measurement  of  the  Optical  Conductivity  of  CePd3 

from  0.3  to  500  meV .  37 

VI.  Publications  and  Degrees  Awarded  (1981-1985) .  3cJ 

A)  Publications . .  . 

B)  Degrees  Awarded  and  Thesis  Abstracts  .  41 

VII  Professional  Personnel  (1981-1985) .  43 


I.  ABSTRACT 


Novel  high  resolutions  electromagnetic  wave  techniques  have  been  used 
in  the  optical,  infrared  and  far  infrared  spectral  regions  to  explore  the 
electronic  states  at  metal  dielectric  interfaces.  Because  infrared  surface 
plasmons  on  metal  surfaces  propagate  for  many  wavelengths,  a  measurement  of 
the  transmission  of  these  surface  excitations  has  proven  to  be  a  sensitive 
probe  of  the  surface  itself.  Both  broadband  and  single  frequency  genera¬ 
tion  techniques  have  been  developed.  Reconstructed  surfaces  as  well  as 
surfaces  covered  with  a  chemisorbed  atomic  monolayer  or  a  thin  dielectric 
or  molecular  film  have  been  investigated  with  these  new  methods. 
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II.  OBJECTIVES 


A  variety  of  different  kinds  of  electromagnetic  experiments  have  been 
developed  to  provide  new  information  about  the  excitation  properties  of 
electronic  states  at  interfaces.  Infrared  surface  electromagnetic  wave 
measurements  on  a  variety  of  metals  using  the  edge  coupling  technique 
enabled  us  to  develope  the  first  quantitative  IR  surface  probe.  The  method 
was  first  used  to  measure  Ge  coated  Ag  and  Au  metals  and  then  later  a 
single  crystal  tungsten  surface  in  ultrahigh  vacuum  conditions.  The  large 
changes  in  the  surface  electromagnetic  wave  attenuation  coefficient  upon 
adsorption  of  diatomic  gases  on  the  tungsten  surface  have  been  identified 
as  adsorbate  induced  changes  in  conduction  electron  scattering  at  the  sur¬ 
face.  These  measurements  provide  the  first  infrared  signature  of  adsor¬ 
bate-induced  surface  reconstruction.  While  making  these  measurements  a  new 
interference  phenomenon  was  discovered  on  clean  metal  surfaces  which 
involves  both  plane  electromagnetic  waves  and  infrared  surface  plasmons. 

The  identification  of  the  interference  minimum  gives  the  first  quantitative 
measurement  of  the  surface  plasmon  index  of  refraction  and  hence  the 
carrier  number  density  at  the  metal  surface.  Optical  evanescent  wave 
measurements  on  silver-dielectric  interfaces  show  that  surface  electrody¬ 
namic  processes  are  more  important  in  this  frequency  region  than  previously 
expected.  Far  infrared  transmission  measurements  on  metal-dielectric 
composites  demonstrate  that  the  anomalously  large  absorption  observed  when 
lOOA  metal  particles  are  superconducting  is  due  to  particle  clumping  and  is 
not  an  intrinsic  property  of  the  particle  surface. 


III.  ACCOMPLISHMENTS 


Our  progress  during  the  past  three  years  is  highlighted  by  three  novel 
types  of  electromagnetic  experiments  on  metals.  Optical  measurements  show 
that  surface  electrodynamic  processes  are  more  important  than  previously 
expected,  infrared  measurements  provide  the  first  direct  measurement  of 
both  the  real  and  imaginary  parts  of  the  surface  impedance  and  far  infrared 
measurements  demonstrate  that  the  anomalous  far  infrared  absorptivity  of 
lOOA  metal  particles  is  due  to  particle  clumping. 

A)  Optical  Properties  of  Ag  Mirrors 

The  optical  data  for  the  noble  metals  at  frequencies  belov/  the  interband 
absorption  edge  are  accurately  characterized  by  the  free  electron  Drude 
model . ^  The  real  and  imaginary  parts  of  the  metal  dielectric  function  can  be 
wri tten 
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in  the  limit  where  ut  »  1.  The  three  parameters  of  the  model  are  e„,  the 
corepolarizability  and  interband  transition  contribution  to  the  dc  dielectric 
constant,  =  AirNe^/m,  the  plasma  frequency  squared  and  t"  ^  the  electron 
scattering  rate.  Both  t"  ^  and  ujp  are  found  to  vary  depending  on  the  sample 
preparation  techniques. 2. ^ 

A  consistent  explanation  of  the  variations  observed  for  oip  has  not  yet 
been  found  although  the  changes  are  usually  assigned  to  surface  morphology. 
The  Up's  measured  for  the  thin  semitransparent  Au  films  investigated  by 
Th(5ye  are  about  5™ci  larger  than  the  values  reported  for  el  ectropol  i shed  bulk 
samples. 2  Almost  the  same  change  in  up  has  been  measured  by  Hodgson  for  the 


internal  and  external  surface  of  an  opaque  Au  film**  with  the  larger  up 
occuring  for  the  film-substrate  interface.  Since  it  was  known  that  a  thin 
oxide  layer  would  reduce  the  apparent  value  of  and  £3  to, ^ 
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for  uT  »  1,  the  discrepancies  have  usually  been  blamed  on  this  added  ingre- 
di ent. 


More  recently,  Weber  and  McCarthy®’ ^  confirmed  the  Au  results  and 
showed  that  a  similar  effect  existed  for  Ag  films.  They  found  that  up  at 
the  substrate  interface  was  consistently  about  5“  larger  than  the  up  at  the 
air  interface.  They  proposed  that  this  difference  could  be  understood  if  the 
metal  density  near  the  air  interface  was  several  percent  below  that  near  the 
substrate  interface.  The  ubiquitious  oxide  layer  was  no  longer  required  to 
explain  the  apparent  decrease  in  at  the  air-metal  interface.  One  of  the 
prediction  of  the  variable  density  model  is  that  if  the  air  is  replaced  by  a 
dielectric  then  the  apparent  decrease  in  ej  should  be  even  larger. 

By  measuring  at  eight  visible  wavelengths  ej  and  of  an  Ag  film 

against  air  and  then  against  a  transparent  organic  liquid,  we  find  that  this 

idea  is  not  confirmed.  Our  results  for  ej  are  shown  in  Fig.  1.  The  measured 

change  has  the  opposite  sign  from  that  given  by  the  variable  density  model; 

however,  our  complete  dielectric  function  still  can  be  described  by  the  Crude 

model  with  the  well  known  frequency  dependent  relaxation  time,  namely,  x"  M  u) 

=  To"'  +  The  interesting  results  are  that  tq' M 1 iqui d)>  ig" '( ai r) , 

6(  1  iquid)  <  s(  ai  r)  and  that  the  plasma  frequency  u^  ( ]  ^ q^Ji  “p(  ai  r)  The 


Wavelength  Squared 


Figure  1,  The  measured  real  part  of  the  dielectric  function  of  silver  versus 
wavelength  squared  for  both  air  a  and  CCl  ,,  a  half  spaces  and  air  0  and  hexane  0 
half  spaces.  The  lines  are  average  values  and  given  to  clearly  show  the  trends 


fact  that  3  changes,  the  sign  of  the  change  or  its  magnitude,  appear  to 
eliminate  all  previous  models  v/hich  have  been  proposed  to  describe  this  fre¬ 
quency  dependent  term.  The  observed  changes  in  3  and  cjp  are  consistent 
with  the  idea  of  a  complex  relaxation  time  whose  real  and  imaginary  parts  are 
conneted  in  a  causal  way.  The  index  of  refraction  dependence  of  the  Drude 
parameters  demonstrates  that  surface  electrodynamics  must  play  an  important 
role  in  determining  the  optical  properties  of  noble  metals. 

B.  Infrared  Surface  Electromagnetic  Wave  Interferometry  on  Clean  VI(IOO). 

A  few  years  ago  we  discovered  an  interference  phenomen  on  which  involved 
plane  electromagnetic  waves  (PEW's)  and  infrared  surface  electromagnetic 
waves  (SEW's)  on  dielectric  coated  metal  surfaces.®  We  now  report  the  obser¬ 
vation  of  a  related  interference  phenomenon  on  clean  metal  surfaces.  The 
interference  is  demonstrated  with  a  two  beam  interferometer  of  fixed  optical 
path  and  variable  frequency.  The  identification  of  the  interference  minimum 
gives  the  first  direct  measurement  of  the  SEW  index  of  refraction  and  hence 
the  infrared  plasma  frequency. 

SEW's  are  TM  (p-pol ari zed)  inhomogeneous  surface  waves  which  propagate 
along  a  metal/vacuum  interface  at  nearly  the  velocity  of  light.  For  good 
metallic  conductors  the  infrared  surface  wave  attenuation  coefficient  is 

as  =  u^p/AwC  (5) 

whore  io  is  the  frequency,  p  the  d.c.  resistivity  and  c  the  velocity  of 
light.  In  the  same  limit  the  index  of  refraction  of  this  mode  is 

ns  =  1  +  u)2/2^p2  (6) 

where  wp  is  the  infrared  plasma  frequency. 

Because  the  SEW  wavevector  is  greater  than  that  of  light  we  use  gratings 

etched  into  a  W(IOO)  surface  to  couple  CO2  laser  radiation  to  and  from 
SEW's.  We  find  that  these  grating  couplers  not  only  excite  the  SEW  mode  but 


7 


also  excite  plane  waves  at  f'  ’me  frequency.  These  PEW's  are  produced  in 
the  form  of  a  packet  traveling  in  the  forv/ard  direction  and  spreading  slowly 
in  width.  The  SEW  travels  along  the  surface  with  a  phase  velocity  c/n^ 
while  the  phase  velocity  of  the  PEW's  which  travel  above  the  surface  is  c. 

At  the  output  grating  coupler  which  is  a  distance  i  from  the  input  grating 
the  SEW  and  PEW  packet  both  contribute  to  the  output  amplitude;  however, 
these  two  contributions  are  no  longer  in  phase.  The  total  intensity  of  the 
resultant  PEW's  launched  by  the  second  grating  is 

I  =  Is  +  Ip  +  2(lslp)^'^^  cos  9  (7) 

where  e  =  [(nj  -  1)  ut/c  +  ;>]  with  >  a  constant.  Complete  destructive 
interference  occurs  when  0  =  (2m  +  1 )  tt  and  ^  =  Ip.  For  W(IOO)  and  a 
path  lenth  of  5  cm  the  phase  is  adjusted  to  destructive  interference  by  vary¬ 
ing  the  CO2  laser  frequency  from  900  cm” ^  to  1070  cm”  ^  In  order  to  obtain 
equal  intensity  in  the  two  arms  of  the  interferometer,  the  sample  temperature 
is  varied.  Since  p  -  T  and  Ij  -  exp{-ast),  a  modest  temperature 
excursion  changes  this  component  by  orders  of  magnitude.  The  temperature 
dependences  of  the  intensity  for  various  CO2  laser  frequencies  are  shown  in 
Fig.  2.  For  W(IOO)  the  interference  give'diup  =  6.9  ^  0.3  eV.  The  Kramers 
Kronig  analysis  of  reflectivity  measurements^  on  W  gives  diup  =  6.0eV.  The 
difference  between  these  two  values  is  much  larger  than  the  experimental 
uncertainties  in  the  SEW  measurement. 

The  infrared  SEW  interferometer  can  be  realized  for  poor  conductors  as 

well  as  good  ones  such  as  W.  If  the  surface  propagation  length,  t,  is  made 

long  enough  so  that  a  ti  phase  change  can  occur  between  the  two  optical  paths, 

then  for  any  conductor  the  condition  for  sufficient  SEW  intensity  at  the 

output  is  simply  aje’Sir/cjT  where  x  is  the  electron  relaxation  time.  Thus 

the  interference  can  be  observed  as  long  as  the  infrared  frequency  is  chosen 
such  that  oil  >  1. 
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Figure  2.  StVl  interfcroncG  signal  versus  frequency  and  temoerature.  The  low 
tcnperatuire  signal  is  mainly  due  to  SEU's  and  the  high  temperature  signal  mainly 
due  to  pew's.  At  temperatures  around  dOO^C  the  two  component  intensities  are 
equal  in  magnitude.  The  sample  is  a  single  crystal  of  'W  with  <100>  faces. 
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C.  Anomalous  Far  Infrared  Absorption  by  100A  Metal  Particle  Composites. 

The  anomalous  enhancement  by  many  orders  of  magnitude  of  the  measured 
far  infrared  absorption  coefficient  of  composite  materials  containing  very 
small  metal  particles  (diameter  1  lOOA)  with  respect  to  the  predictions 
of  simple  models  is  not  understood  largely  due  to  a  lack  of  wel 1 -character¬ 
ized  samples  with  controllable  properties.  The  configuration  of  the  parti¬ 
cles  in  the  samples  used  in  previous  investigations,  typically  a  free  stand¬ 
ing  metal  smoke or  a  metal  smoke  mixed  with  an  alkali  halide  and  pressed 
into  pel  1 ets ^ ^ ,  was  not  determined,  e.g.  with  an  electron  microscope. 

Thus,  the  available  data  do  not  convincingly  support  or  eliminate  either  pro¬ 
posed  explanations  that  require  clumping^^  or  intrinsic  mechanisms  that  can 
take  place  in  isolated  particles.^"* 

Recent  experiments  by  Carr,  Garland  and  Tanner on  granular  supercon¬ 
ducting  samples  consisting  of  small  Sn  particles  embedded  in  an  alkali  halide 
host  have  shown  additional  unusual  results.  Carr  et  al .  found  that  not  only 
is  the  absorption  anomalously  largo  in  comparison  with  the  predictions  of 
classical  theories^^>  but  at  frequencies  higher  than  the  superconducting 
gap  frequency  the  composites  are  more  absorbing  in  the  superconducting  state 
than  in  the  normal  state.  This  superconducting  behavior  is  surprising  since 
bulk  Sn  has  smaller  electromagnetic  absorption  in  the  superconducting  state. 

Two  different  kinds  of  far  infrared  measurements  on  composites  systsems 
have  now  been  completed  and  they  demonstrate  that  particle  clumping  is  the 
source  of  both  kinds  of  anomalies. 

The  first  experiment  involves  measurements  on  a  novel  composite  mater¬ 
ial  --100  A  diameter  Ag  particles  imbedded  in  a  gelatin  matrix For  the 
first  time,  the  particles  under  study  by  far  infrared  spectroscopy  can  also 
be  examined  in  situ  by  transmission  electron  microscopy.  Samples  containing 


either  well -dispersed  or  agglomerated  particles  can  be  prepared.  The  volume 
fraction  of  Ag  can  be  varied  over  a  large  range.  The  experimental  far  infra¬ 
red  absorption  data^°,  which  are  consistent  with  the  Bruggeman  model,  are 
shown  in  Fig.  3.  Inspection  of  this  figure  demonstrates  that  the  absorption 
coefficient  of  materials  with  wel 1 -dispersed  particles  is  not  enhanced  by 
several  orders  of  magnitude,  if  at  all.  However,  we  do  find  that  samples 
containing  deliberately  agglomerated  particles  are  measured  to  be  stronger 
absorbers. 

The  second  experiment  deals  with  the  study  of  the  far  infrared  absorp¬ 
tion  of  several  types  of  Sn  particle  KBr  composites  which  have  been  subjected 
to  a  temperature  excursion  above  the  Sn  melting  point.  We  find  that  this 
simple  device  drastically  decreases  the  magnitudes  of  the  measured  absorption 
coefficients.  The  specifics  depend  on  whether  or  not  the  particles  possess 
an  oxide  coating,  however,  above  the  gap  frequency  the  superconducting  state 
absorption  is  no  longer  larger  than  the  normal  state  valve.  On  the  grounds 
that  heat  treatment  should  not  significantly  affect  the  superconducting 
properties  of  isolated  particles,  we  are  led  also  to  identify  the  supercon¬ 
ducting  anomaly  in  earlier  measurements  with  particle  clustering. 
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Figure  3.  Volune  fraction  dependence  of  the  far  infrared  absorption 
coefficient  at  v  =  15  cm- ^  for  Ag  particles  in  gelatin.  The  circles  indicate 
the  data.  The  solid  line  shows  the  prediction  of  the  Bruggenan  model  for 
lOOA  diameter  Crude  Ag  particles  imbedded  in  gelatin.  The  dashed  curve  is 
the  prediction  of  the  Bruggeman  model  for  particles  made  up  of  a  perfect  con¬ 
ductor. 
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Infrared  Surface  Plasmon-  Interferometry  on  Clean  Metal  Surfaces,  L.  M. 
Hanssen,  0.  M.  Riffe,  and  A.  J.  Sievers,  Cornell  University,  Ithaca, 

New  York,  14853. 

An  interference  phenomenon  has  been  discovered  on  clean  metal  surfaces 
which  involves  plane  electromagnetic  waves  (PEW's)  and  infrared  surface 
plasmons  (IRSP's).  The  interference  is  demonstrated  with  a  two  beam  inter¬ 
ferometer  of  fixed  optical  path  and  variable  frequency.  The  identification 
of  the  interference  minimum  gives  the  first  direct  measurement  of  the  IRSP 
index  of  refraction  and  hence  the  infrared  plasma  frequency. 

IRSP's  are  TM  (p-polarized)  inhomogeneous  surface  waves  which  propagate 
along  a  metal /vacuum  interface  at  nearly  the  velocity  of  light.  For  good 
metallic  conductors  the  infrared  surface  wave  attenuation  coefficient  05  = 
ai^p/4nc  where  mis  the  frequency,  p  the  d.c.  resistivity  and  c  the  velocity 
of  light.  In  the  same  limit  the  index  of  refraction  of  this  mode  is  ng  = 

1  +  where  0^  is  the  infrared  plasma  frequency. 

Because  the  IRSP  wavevector  is  greater  than  that  of  light  we  use  grat¬ 
ings  etched  into  a  W(IOO)  surface  to  couple  CO2  laser  radiation  to  and  from 
IRSP's.  We  find  that  these  grating  couplers  not  only  excite  the  IRSP  mode 
but  also  excite  plane  waves  at  the  same  frequency.  These  PEW's  are  produced 
in  the  form  of  a  packet  traveling  in  the  forward  direction  and  spreading 
slowly  in  width.  The  IRSP  travels  along  the  surface  with  a  phase  velocity 
c/ng  while  the  phase  velocity  of  the  PEW's  which  travel  above  the  surface 
is  c.  At  the  output  grating  coupler  which  is  a  distance  i  from  the  input 
grating  the  IRSP  and  PEW  packet  both  contribute  to  the  output  amplitude; 
however , these  two  contributions  are  no  longer  in  phase.  The  total  intensity 
of  the  resultant  PEW's  launched  by  the  second  grating  is 

I  =  Is  +  IpEw  +  2(IsIpEw)*^  COS0 

where  9  =  [(ng  -  1)  mi/c  +  ;{)]  with  (ji  a  constant.  Complete  destructive 
interference  occurs  when  9  =  (2m  +  1)  u  and  Ig  =  IpEW-  W(l-OO)  and 

a  path  length  of  5  cm  the  phase  is  adjusted  to  destructive  interference  by 
varying  the  CO2  laser  frequency  from  900  cm" ^  to  1080  cm"^.  In  order  to 
obtain  equal  intensity  in  the  two  arms  of  the  interferometer,  the  sample 
temperature  is  varied.  Since  p  -  T  and  Ig  "  exp(-ct5Z),  a  modest 
temperature  excursion  changes  this  component  by  orders  of  magnitude.  For 
W(IOO)  the  interference  gives  limp  =  6.8  eV.  The  addition  of  a  monolayer 
of  oxygen  to  the  clean  surface  is  observed  to  unbalance  this  optical  bridge 
and  produce  an  increase  in  the  output  signal  of  4%. 

The  infrared  surface  plasmon  interferometer  can  be  realized  for  poor 
conductors  as  well  as  good  ones  such  as  W.  If  the  surface  propagation 
length,  i,  is  made  long  enough  so  that  a  n  phase  change  can  occur  between 
the  two  optical  paths,  then  for  any  conductor  the  condition  for  sufficient 
IRSP  intensity  at  the  output  is  simply  og  2.  =  where  t  is  the  electron 

relaxation  time.  Thus  the  interference  can  be  observed  as  long  as  the  infra¬ 
red  frequency  is  chosen  such  that  mt  >  1. 

Work  supported  by  NSF  Grant  No.  DMR-81-06097  and  by  the  Air  Force  under 
Grant  No.  AFOSR-81-0121B.  Materials  Science  Center  Report  No.  5235. 
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Observation  of  an  index-of-refraction-induced  change  in  the  Drude  parameters  of  Ag  films 
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IBM  Research  Laboratory,  San  Jose,  California  95193 

A.  J.  Sievers 

Laboratory  of  Atomic  and  Solid  State  Physics  and  Materials  Science  Center,  Cornell  University,  Ithaca,  New  York  14853 
(Received  29  December  1983;  revised  manuscript  received  13  April  1984) 

The  method  of  attenuated  total  internal  reflection  has  been  used  in  the  visible  region  to  obtain 
precise  values  of  the  dielectric  function  of  Ag  films  in  contact  with  different  dielectric  media.  By 
measuring,  at  eight  visible  laser  wavelengths,  the  surface-plasmon  resonance  of  an  Ag  film  against 
air  and  then  against  an  organic  liquid,  we  show  that  for  both  cases  the  dielectric  function  can  be 
described  by  the  Drude  model  with  the  well-known  frequency-dependent  relaxation  time,  namely, 

T~'{(o)  =  To'  The  interesting  results  are  that  ro '(liquid) >  ro '(air),  that  /Sdiquid)  <0(air),  and 

that  the  plasma  frequency  iUp(liquid)>6Jp(air).  The  fact  that  P  changes — the  sign  of  the  change  or 
its  magnitude — appears  to  eliminate  all  previous  models  which  have  been  proposed  to  describe  this 
frequency-dependent  term.  The  observed  changes  in  P  and  nip  are  consistent  with  the  idea  of  a  com¬ 
plex  relaxation  time  whose  real  and  imaginary  parts  are  connected  in  a  causal  way.  The  index-of- 
refraction  dependence  of  the  Drude  parameters  demonstrates  that  surface  electrodynamics  must 
play  an  important  role.  The  observed  trends  reported  here  could  be  accounted  for  if  increasing  the 
index  of  the  dielectric  half-space  would  increase  the  attractive  surface-plasmon  interaction  and  de¬ 
crease  the  magnitude  of  electron-electron  scattering  in  the  Ag  surface. 


1.  INTRODUCTION 

The  optical  data  for  the  noble  metals  at  frequencies 
below  the  interband  absorption  edge  are  accurately 
characterized  by  the  free-electron  Drude  model.'  The  real 
and  imaginary  parts  of  the  metal  dielectric  function  can 
be  written  as 


and 


in  the  limit  where  cjr»l.  The  three  parameters  of  the 
mode!  are  the  core  polarizability  and  interband  contri¬ 
bution  to  the  dc  dielectric  constant,  cOp^^wNe^/m,  the 
plasma  frequency  squared,  and  r”',  the  electron  scatter¬ 
ing  rate.  For  the  noble  metals,  this  scattering  rate  has  the 
form' 

T-'  =  ro'+Po)^  .  (3) 

Both  r“'  and  to  a  lesser  extent  cop  are  found  to  vary  de¬ 
pending  on  the  sample  preparation  techniques. The 
source  of  these  variations  remains  poorly  understood. 

Because  annealing  thin-film  Au  samples'  decreases  the 
size  of  P,  an  inhomogeneous  medium  model  composed  of 
crystalline  grains  and  disordered  intergranular  material 
has  been  used  with  a  two-carrier  Drude  model  to  account 
for  the  quadratic  dependence  of  the  relaxation  time.'' 
However,  it  is  unlikely  that  the  nonzero  P  observed  for 
single-crystal  bulk  samples’  also  can  be  explained  in  this 


manner.  The  possibility  that  the  frequency-dependent 
term  stems  from  electron-electron  scattering  has  been  con¬ 
sidered  in  some  detail  by  Christy  and  co-workers.*  '  They 
have  not  been  able  to  obtain  quantitative  agreement  with 
the  electron-electron  contribution  inferred  from  the  mea¬ 
sured  electrical  and  thermal  resistivities.  Recently,  Smith 
and  Ehrenreich*  have  proposed  that  this  frequency  depen¬ 
dence  follows  from  a  more  precise  estimate  of  the 
electron-phonon  interaction.  Their  numerical  estimate  of 
the  P's  are  in  reasonable  agreement  with  the  room- 
temperature  experimental  values. 

A  consistent  explanation  of  the  variations  observed  for 
(Op  has  not  yet  been  found  although  the  changes  are  usual¬ 
ly  assigned  to  surface  morphology.  The  cop's  measured 
for  the  thin  semitransparent  Au  films  investigated  by 
Theye  are  about  5%  larger  than  the  values  reported  for 
clectropolished  bulk  samples.'  Almost  the  same  change  in 
(Op  has  been  measured  by  Hodgson  for  the  internal  and 
external  surface  of  an  opaque  Au  film’  with  the  larger  (Op 
occurring  for  the  film-substrate  interface.  By  studying 
surface-plasmon  resonance  excitation  at  both  surfaces  of 
evaporated  metal  films,  Weber  and  McCarthy  confirmed 
the  Au  results  and  showed  that  a  similar  effect  existed  for 
Ag  films."’"  They  found  that  the  cOp  at  the  substrate  in¬ 
terface  was  consistently  about  5%  larger  than  cOp  at  the 
air  interface,  independent  of  the  growth  rate  of  the  film 
which  was  varied  over  a  factor  of  1(X).  They  also  pro¬ 
posed  that  this  difference  could  be  understood  if  the  Ag 
film  density  near  the  air  surface  was  several  percent  below 
that  near  the  substrate  interface. 

To  date,  both  the  relaxation  rate  and  the  plasma  fre¬ 
quency  of  the  noble  metals  have  been  treated  as  indepen¬ 
dent  quantities,  although  in  general,  if  t  depends  on  fre- 


30  4189 


©1984  The  American  Physical  Society 


4190 


GUGGER.  JURICH.  SWALEN,  AND  SIEVERS 


17 


30 


quency,  so  must  This  interrelation  between  the 

frequency  dependences  of  the  two  Drude  model  parame¬ 
ters  has  been  demonstrated  in  a  detailed  analysis  of  the 
phonon-assisted  absorption  process.'^  The  two  fre¬ 
quency-dependent  Drude  model  parameters  oipia)  and 
t(o})  are  given  by 


[a)p(aj)]’  = 


1  -(-A.(Cl)) 


(4) 


and 


r(6))  =  T(w)[  1 -f-A(£t>)]  ,  (5) 

where  the  frequency  dependence  of  Xlw)  is  intimately  re¬ 
lated  to  the  Kramers-Kronig  transform  of 

One  analysis  of  the  infrared  and  optical  properties  of 
the  alkali  metals  has  been  made'*  which  makes  use  of  ex¬ 
pressions  similar  to  Eqs.  (4)  and  (5).  An  intrinsic 
surface-plasmon-assisted  absorption  process  was  proposed 
to  account  for  the  enhanced  infrared  mass.  It  is  a 
Holstein-type  process  with  the  surface  plasmons  taking 
the  role  of  the  phonons.  One  of  the  predictions  of  the 
surface-plasmon-assisted  absorption  model  is  that  both 
Drude  parameters  of  the  metal  should  depend  on  the 
dielectric  constant  of  the  neighboring  substrate.  Conse¬ 
quently,  the  observed  variations  in  the  optical  properties 
of  the  noble-metal  films  could  be  a  function  of  the  index 
of  refraction  of  the  dielectric  substrate  as  well  as  surface 
morphology.  One  purpose  of  this  paper  is  to  report  on 
our  experimental  test  of  this  possibility. 

By  using  liquid  dielectrics  together  with  the  surface- 
plasmon  resonance  technique,  we  have  measured  the 
change  in  the  dielectric  function  of  Ag  films  with  a  con¬ 
stant  surface  structure  as  a  function  of  the  interface 
dielectric  constant.  The  previously  reported  change'®  in 
plasma  frequency  between  Ag-glass  and  Ag-air  interfaces 
is  reproduced  in  our  experiments.  When  liquids  with 
various  refractive  indices  are  placed  on  the  same  surface 
where  Ag-air  measurements  were  made,  fi  is  observed  to 
decrease  consistent  with  a  decrease  in  the  mass  parameter 
(an  increase  in  cOp). 

The  fact  that  /3  changes  at  all  in  our  experiments  is  not 
compatible  with  the  usual  assignment  to  electron-electron’ 
or  electron-phonon*  processes.  In  addition,  mechanisms 
which  rely  on  metal  grains,^  surface  roughness,  a  reduced 
film  density  near  the  air  interface,"  or  surface-plasmon- 
assisted  absorption'*  cannot  account  for  the  observed  in¬ 
crease  in  cnp.  However,  the  dielectric  constant  dependence 
of  the  experimental  results  demonstrates  that  the  Drude 
model  parameters  are  controlled  by  a  surface  process  in 
which  electrodynamics  plays  an  important  role.  The  sign 
of  the  effect  is  consistent  with  the  dielectric  reducing  the 
first  moment  of  the  induced  surface  charge  and  hence 
reducing  the  size  of  the  electron-hole  excitation  term,  or 
with  a  dielectnc  enhanced  surface-plasmon  interaction 
reducing  the  magnitude  of  the  surface  electron-electron 
scattering  term. 

In  the  next  section,  the  attenuated  total  internal  reflec¬ 
tion  apparatus  and  experimental  measurements  are 
described.  The  Ag-air  and  .Ag-liquid  interface  results  are 
presented  in  Sec.  III.  We  demonstrate  in  Sec  IV  that  the 


experimental  data  are  consistent  with  the  dielectric  in¬ 
duced  change  in  both  the  frequency-dependent  scattering 
rate  and  the  electron  mass. 

II.  EXPERIMENTAL  DETAILS 

A.  Attenuated  total  internal  reflection  (ATR)  apparatus 

We  have  used  surface-plasmon  resonance  excitation  at  a 
number  of  laser  wavelengths  to  determine  the  dielectric 
function  of  Ag  in  the  visible  regions.'*  The  attenuated  to¬ 
tal  reflection  setup  is  shown  in  Fig.  1. 

Reflectivity  measurements  were  done  with  the  prism 
mounted  on  a  computer-controlled  rotating  table  to  scan 
the  angle  of  incidence  and  collect  the  digitized  data.  The 
wavelengths  used  were  from  an  argon-ion  laser  (488.0  and 
514.5  nm),  from  a  krypton-ion  laser  (530.9,  568.2,  647.1 
and  676.4  nm),  from  a  helium-neon  laser  (632.8  nm),  and 
from  a  helium-cadmium  laser  (441.6  nm).  To  achieve 
better  rejection  of  the  light  with  the  unwanted  polariza¬ 
tion,  two  Glan-Thompson  prism  polarizers  were  placed 
sequentially  in  front  of  a  Fresnel  rhomb. 

Since  the  surface-plasmon  resonance  occurs  exclusively 
upon  excitation  with  TM  waves,  the  correct  angle  of  po¬ 
larization  was  set  by  rotating  the  rhomb  to  a  minimum  re¬ 
flection  for  TM  light,  i.e.,  at  the  angle  of  maximum 
plasmon  absorption.  The  coated  prism  was  positioned  in 
such  a  way  that  the  chopped  laser  beam  always  refracted 
to  the  center  portion  of  the  film  to  minimize  beam  walk. 
The  reflected  signal  at  twice  the  angle  was  detected  with  a 
p-i-n  photodiode.  A  fraction  of  the  chopped  laser  beam 
was  split  off  before  the  prism  with  a  pellicle  beam  splitter 
to  serve  as  the  laser  intensity  reference.  Both  signals,  the 
reflection  and  the  laser  reference  signal,  were  separately 
detected  and  amplified;  their  ratio  gave  the  final  output. 


B.  Procedure 

0 

The  Ag  films,  approximately  500  A  thick,  were  vacuum 
deposited  onto  the  base  of  LaSF31  Schott  glass  isosceles 
prisms  at  a  rapid  rate  (50—100  A/s)  to  obtain  a  fine 
grained  surface.  Prisms  with  apex  angles  of  53°  or  57° 
were  used  so  that  the  critical  angle  of  the  glass/air  inter¬ 
face  could  be  observed. 


F'lG.  I.  Schemalie  diagram  of  cxperimcnlal  apparatus,  A 
Icflon  cup  coiilamiiig  air  or  liquid  was  pressed  with  a  split  o- 
nng  onto  the  silver  film  on  the  base  of  a  high-refractive-inde:. 
prism  Two  '.'il  .i,  1  liompsoii  pnsm  polanzers  were  used  to  im¬ 
prove  rejeclu  ..  of  the  other  polarization.  Rotation  of 

the  I  resnel  rhor..  «  -d  conversion  between  v  and  p  polariza¬ 
tions  Die  rotatii  g  -  included  an  arm  at  Zi  to  track  the  re¬ 
flected  hr-am 
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We  measured  the  angles  of  each  prism  by  differences  in 
the  angles  of  back  reflection.  Then  we  determined  the  re¬ 
fractive  inde.x  of  the  prisms  by  comparing  the  results 
from  different  methods. 

(1)  The  glass-melt  information  sheet'^  for  our  Schott 
glass  tLaSF31)  prisms  gave  the  refractive  inde.x  at  selected 
wavelengths  and  constants  for  a  power-series  expansion  of 
the  dispersion  curve.  These  data  were  then  used  to  calcu¬ 
late  the  refractive  indices  at  our  laser  wavelengths. 

(2)  From  a  measurement  of  a  critical  angle  0^,  the  re¬ 
fractive  index  can  be  calculated  from  Snell’s  law. 

(3)  From  the  minimum  angle  of  deviation  measured  for 
the  prism  and  knowing  the  prism  angle,  the  refractive  in¬ 
dex  was  calculated.'* 

Since  all  three  values  agreed  within  experimental  error  at 
all  wavelengths,  we  decided  to  use  the  easily  calculated 
values  from  the  Schott  data. 

The  prism  angle  was  checked  at  each  wavelength  by  the 
critical  angle  for  the  glass-air  interface.  Standard  devia¬ 
tions  for  these  determinations  using  eight  wavelengths 
were  typically  ±0.005°.  From  the  prism  index  and  prism 
angle,  the  index  of  refraction  of  the  liquid  n  could  then  be 
calculated  from  the  experimentally  observed  change  in 
critical  angle  6^  when  a  liquid  replaces  air  without  any 
further  experiments.  Since  n  is  a  function  of,  e.g.,  wave¬ 
length.  purity,  and  temperature,  this  procedure  directly 
gave  the  index  for  our  experimental  conditions. 

The  first  measurement  for  every  freshly  coated  silver 
film  was  an  ATR  experiment  at  the  silver-air  interface  to 
determine  the  dielectric  constants  of  bare  silver  at  all 


Hfi  2.  Tipic.il  reflectivity  curve  as  a  function  angle.  For 
this  vao.ple.  hexane  is  adjacent  to  Ag.  is  the  reneclivily 
mini'.iuiii  at  tiie  Mf^'acc-plasmon  angle  and  is  the  critical  an¬ 
gle  it  iir  or  liq.id  and  the  prism.  Curves:  tal  experimental 
curve;  'hi  prism  absorption  loss;  (cl  prism  reneclion  loss  from 
both  faces;  Id'  experimental  curve  corn-cted  for  absorption,  re¬ 
flections.  and  background;  (e)  calculated  "best  fit"  of  the  Fresnel 
equations. 


wavelengths  under  investigation,  as  well  as  the  thickness 
of  the  film.  This  measurement  was  to  identify  any  differ¬ 
ences  in  the  dielectric  function  of  Ag  that  might  arise 
from  surface  morphology.  Then,  carbon  tetrachloride 
(n~1.46)  or  hexane  (n  — 1.37)  were  placed  next  to  the 
Ag  and  the  dielectric  constants  at  the  Ag-liquid  interface 
were  determined.  In  Fig.  2,  the  angular  location  of  the 
critical  angle  is  shown  for  a  typical  ATR  curve  at  a 
silver-hexane  interface,  with  the  critical  angle  being  essen¬ 
tially  that  for  hexane-glass. 

III.  RESULTS 

The  values  of  the  complex  dielectric  function  of  Ag 
were  calculated  by  a  least-squares  fit  of  the  exact  Fresnel 
reflection  formulas  to  the  experimental  ATR  curves.  The 
matrix  procedure  outlined  by  Heavens'’  was  used  to  cal¬ 
culate  the  reflectivity  for  a  layered  structure.  From  the 
experimental  reflectivity  curves  for  the  Ag-air  interface, 
we  determined  and  ty  for  ^^ch  wavelength  and  the 
thickness  of  the  film.  When  the  liquid  was  introduced,  we 
again  used  a  least-squares-fitting  procedure  to  obtain 
and  62,  but  now  the  thickness  of  the  Ag  film  was  set  equal 
to  the  average  value  determined  for  the  Ag-air-interface 
measurement.  The  measured  values  for  the  films  are  list¬ 
ed  in  Table  I. 

Initially,  the  calculated  reflectivity  curves  deviated  sig¬ 
nificantly  from  the  experimental  ones.  Searching  for 
sources  of  this  deviation,  it  was  determined  that  at  least 
four  factors  contribute:  (1)  reflection  losses  at  each  face 
of  the  prism,  (2)  absorption  from  transmission  through 
the  prism,  especially  at  short  wavelengths,  13)  movement 
of  the  beam  from  one  section  to  another  section  of  the 
film  with  slightly  different  optical  properties  as  the  prism 
is  rotated,  and  (4)  dark  current  of  the  measurement  sys¬ 
tem.  In  order  to  correct  for  these  deviations,  we  collected 
both  TE  and  TM  ATR  data  from  which  we  subtracted 


Wavelength  Squ.ired  (;jm‘) 

FIG.  3.  Measured  real  pari  of  the  dielectric  fiineriun  of  siK  er 
versus  wavelength  squared  for  both  air  and  CCl,  A  half- 
spaces  and  air  O  and  hexane  •  half-spaces.  The  lines  are  aver¬ 
age  values  and  given  to  clearly  show  the  trends. 
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TABLE  I.  Experimentally  determined  dielectric  function  of  Ag  and  related  optical  parameters. 
(Straight  line  shown  in  Fig.  4  without  the  point  of  4416  A  because  it  is  more  than  three  standard  devia¬ 
tions  from  the  line.) 


X  (A) 

Liquid 

Cl 

ei 

0 

1 

Air 

■*') 

^2 

Tj'  (10'*  s-') 

ecu 

4416 

-6.471 

0.4191 

d  = 
1.634 

58.4±0.4  nm 

-6.323 

0.4755 

1.953 

4880 

-9.087 

0.5139 

1.463 

-8.772 

0.5243 

1.577 

5145 

-10.528 

0.6239 

1.523 

-10.265 

0.6074 

1.552 

5309 

-11.486 

0.6547 

1.456 

-11.150 

0.6387 

1.490 

5682 

-13.834 

0.7855 

1.423 

-13.374 

0.7003 

1.332 

6328 

-17.940 

1.0091 

1.340 

-17.452 

0.9599 

1.329 

6571 

-19.334 

1.0537 

1.289 

-18.582 

0.9473 

1.218 

6764 

-21.448 

1.2074 

1.298 

-20.487 

1.0270 

1.165 

Hexane 

4416 

-6.6037 

0.4464 

d  = 
1.761 

37.4±0. 1  nm 

-6.567 

0.3549 

1.416 

4880 

-9.122 

0.4739 

1.3721 

-8.749 

0.4098 

1.229 

5145 

-10.606 

0.5452 

1.347 

-  10.230 

0.4524 

1.154 

5309 

-11.609 

0.5752 

1.290 

-11.155 

0.4785 

1.111 

5682 

-13.922 

0.6808 

1.245 

-13.385 

0.5570 

1.055 

6328 

-18.129 

0.9657 

1.287 

-17.772 

0.7140 

0.971 

6471 

-19.133 

0.9513 

1.187 

-18.701 

0.7492 

0.956 

6764 

-21.409 

1.0408 

1.132 

-20.650 

0.8073 

0.908 

the  dark  current  from  each.  In  the  prism,  absorption 
losses  were  very  small  because  of  the  relatively  long  wave¬ 
length  and  good  transmission  quality  of  the  high-index 
glass.  Hence  we  used  the  measured  TE  data  to  calculate  a 
correction  curve  for  absorption  losses  after  correcting  for 
its  reflection  losses.  These  absorption  corrections  includ¬ 
ing  those  for  TM  reflection  losses  were  then  applied  to  the 
TM  curves.  The  various  reflectivity  and  correction  curves 
are  shown  in  Fig.  2.  Note  the  close  agreement  between 
the  corrected  experimental  curs'e  and  the  calculated  curve, 
indicating  the  precision  with  which  the  values  of  the 
dielectric  function  given  in  Table  I  describe  the  experi¬ 
mental  measurements. 

In  Fig.  3  we  plot  our  experimental  values  for  the  real 
part  of  the  dielectric  function  of  silver  versus  wavelength 
squared  for  both  the  air-silver  and  liquid-silver  cases. 
Tsvo  different  liquids  have  been  studied,  CCI4  and  hexane. 
The  values  for  ,  and  were  obtained  from  a  least- 
squares  fit  to  an  6|-versus-3,‘  line  for  both  the  Ag-air  and 
Ag-liquid  data.  These  derived  experimental  numbers  are 
recorded  in  Table  II. 


The  inverse  relaxation  time  from  the  experimental 
values  for  e,  and  62  at  each  frequency  is  obtained  from 


Figures  4(a)  and  4(b)  show  a  plot  of  r^ '  versus  co'  for  Ag 
in  contact  with  CCI4  and  hexane,  respectively.  To  a  good 
approximation,  these  data  can  be  fitted  by  Eq.  (3).  The 
values  of  tJ"'  and  0  obtained  from  a  least-squares  fit  to 
these  data  are  given  in  Table  II. 

IV.  DISCUSSION 

The  experimental  results  clearly  show  that  the  effective 
dielectric  function  of  the  metal  is  changed  when  liquid  re¬ 
places  air.  Could  these  results  be  explained  by  surface 
roughness  on  the  Ag  film?  A  metal-insulator  composite 
layer  is  often  used  to  model  the  optical  properties  of  a 
roughened  surface. According  to  the  Maxwell- 
Gamett  theory,  a  Lorenz-Lorentz  type  of  dispersion  will 
occur  in  such  a  layer.  We  find  that  replacing  a  100-A- 


TABI.E  II.  Experimentally  determined  Ag  Drude  model  parameters. 

Film  no.  1  Film  no.  2 


Air 

CCI4 

Air 

Hexane 

4.07  ±0.08 

4.47  ±0.11 

4.14  +  0.08 

4.2210.06 

0)1,  (eV) 

9.10±0.02 

9.3310.03 

9.1410.02 

9.2710.02 

J 

To''!  10"  s-') 

6.4  ±0.9 

10.5  ±0.5 

5.5  ±0.5 

9.6110.32 

1 

00  (10'^  s-'(eV)-^] 

16.1  ±l 

7  ±2 

11  ±1 

6  ±1 

ko  (10-'*) 

9.8  ±3 

4.5  ±1.4 

7.5  ±2.4 

4.5  ±1.4 

a~'  (eV) 

9  ±4 

9  ±4 

11  ±4 

11  ±4 

01,  (eV) 

9.5  ±0.1 

9.5  ±0.1 

9.5  ±0.1 

9.5  ±0.1 

4 
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FIG.  4.  Relaxation  time  calculated  from  the  measured  values 
of  dielectric  function  of  silver  with  Eq.  (6),  as  a  function  of  ener¬ 
gy  squared:  la)  air  A,  CCU  A,  and  (b)  air  O ,  hexane 

thick  composite  Ag-air  layer  on  a  silver  film  with  a  Ag- 
liquid  composite  layer  of  the  same  thickness  causes  the 
predicted  ATR  minimum  at  the  Ag-liquid  interface  to 
shift  to  increasing  internal  angles  corresponding  to  a  less 
negative  real  part  of  the  dielectric  function.  (Our  mea¬ 
sured  shift  is  always  to  decreasing  internal  angles  with 
respect  to  the  predicted  ATR  minimum  at  the  Ag-liquid 
interface  from  the  Ag-air  data.)  Hence,  although  it  is 
possible  to  account  for  the  air-Ag  results  by  adjusting  the 
parameters  in  the  Maxwell-Gamett  model,  once  these  pa¬ 
rameters  are  fi.xed,  the  model  cannot  account  for  the 
liquid-Ag  data.  Inspection  of  the  data  in  Fig.  3  and  Table 
I  shows  that  for  both  films  a  composite  medium  layer 
would  be  expected  to  produce  the  opposite  effect  on  the 
real  part  of  the  dielectric  function  to  what  is  observed  ex¬ 
perimentally.  In  addition,  Maxwell-Gamett  theory  im¬ 
plies  that  the  largest  influence  should  be  at  short  wave¬ 
lengths  close  the  sphere  resonance  condition,  but  experi¬ 
mentally  the  largest  percentage  change  in  e,  is  observed  in 
the  long-wavelength  region. 

Another  possibility  is  the  two-carrier  model  for  crystal¬ 
lites  (a)  and  grain  boundaries  (b)  proposed  by  Nagel  and 
Schnatterly.'*  For  the  limit  wra>l,  and 

(2A-,/,VJ  co'ri  «1,  they  find  an  effective  relaxation 
time  which  is  frequency  dependent,  namely. 


In  Table  II  it  is  seen  that  the  frequency-independent 
contribution  (tq’)  to  the  relaxation  time  increa.ses  by 
about  a  factor  of  2  when  air  is  replaced  by  a  liquid.  The 
mechanical  modulation  of  the  metal  surface  by  the 
thermal  fluctuations  in  the  liquid  could  account  for  this 
observation:  hence  in  Eq.  (7)  an  increase  in  tJ'  '  is  to  be  ex¬ 
pected.  Since  r^‘  is  already  larger  than  the  optical  prob¬ 
ing  frequency,  the  thermal  fluctuations  in  the  liquid 
should  not  have  much  effect  on  the  grain-boundary  relax¬ 
ation  times,  certainly  nothing  like  the  factor  of  2  observed 
for  P  of  Table  II.  On  these  grounds,  the  two-carrier 
model  can  be  eliminated  as  the  source  of  the  frequency- 
dependent  relaxation  time. 

The  change  in  p  observed  for  the  air-liquid  substitution 
is  not  compatible  with  relaxation  mechanisms  which  rely 
solely  on  bulk  processes.  Identification  with  the  usual 
electron-electron  or  electron-phonon  scattering  now  seems 
unlikely. 

We  now  demonstrate  that  the  measured  change  in  the 
optical  constants  are  consistent  with  a  dielectnc  induced 
change  both  in  the  electron  frequency-dependent  scatter¬ 
ing  rate  and  in  the  optical  mass.  If  we  define  the  complex 
frequency-dependent  electron  scattering  rate  as 

r-'  =  f  =  r|-l-/r;!  ,  (8) 

and  for  later  convenience  set  TiS  —cok,  then  the  Drude 
expressions  become 

2  (  I  12  -I 

e«-e,(w)=-^(l-h3.)  (l-f-X)=-bl  (9) 


€2(0))=- 


The  experimental  relaxation  frequency  is 


a)ed(o) 


:r,(l-fA)- 


and  the  experimental  plasma  frequency  squared  is 

=:w-[e„-e|(w)]  =  fu^(l-t-2.)“'  .  (12) 

The  quadratic  frequency  dependence  observed  for  the 
electron  scattering  rate  in  noble  metals  can  be  modeled  if 
r  is  taken  to  have  the  following  approximate  causal  form: 

F]  =  -)- 2.(/u‘0!(  1 '  (13) 


A.  =  Ao(  1  -f-w’a’)  '  . 


-I  -I  •> 

r  =r^  +^rt(o'  .  (7) 

In  this  expression,  is  due  to  scattering  from  phonons  in 
crystallites  while  t/,  is  very  much  smaller  and  is  presum¬ 
ably  controlled  by  the  thickness  of  the  grain  boundaries. 

is  the  ratio  of  the  aver.g:  ;;.ain  size  to  the  average 
crystallite  size. 


r I  —  Tj+Pii)^  , 


P=ak  . 


In  the  limit  that  A  « 1,  Eq.  (11)  shows  that  F,  is  a  go:  ^ 
approximation  to  r' '.  For  the  limit  acj  «  1  0  wt 
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sume  in  the  analysis  of  the  data  below  and  /J— ►/3o. 

so  both  parameters  are  frequency  independent  and  the  real 
part  of  the  relaxation  rate  contains  a  pure  quadratic  term. 

The  second  a.ssumption  which  we  introduce  is  that  a  is 
independent  of  the  presence  of  the  dielectric  half-space. 
This  assumption  is  reasonable  since  even  if  a~'  is  related 
to  the  electrostatic  surface-plasmon  mode  frequency  in 
Ag,  this  mode  is  pinned  at  a  fixed  frequency,  by  the 
high-frequency  interband  transitions,  independent  of  the 
dielectric  index  of  refraction. 

The  subscripts  /  and  a  are  used  to  distinguish  between 
the  measured  Ag-liquid  and  Ag-air  interface  results. 
From  Eq.  (16) 

^  =  ^  (17) 

PlO  k/Q 

and  from  Eq.  (12) 

These  two  experimental  numbers  enable  us  to  determine 
both  /,oo  and  kiQ  which  are  presented  in  Table  II  for  both 
films.  The  measured  value  for  is  then  used  to  esti¬ 
mate  a~'.  This  parameter  value  which  is  consistent  with 
the  (jja  «  1  assumption  is  remarkably  close  to  the  value  of 
the  Ag  plasma  frequency. 

A  consistent  set  of  parameters  k^o,  X;,!.  and  (z~'  is 
found  which  describes  the  frequency-dependent  relaxation 
time  represented  by  Eqs.  (13)  and  (14).  The  good  agree¬ 
ment  between  experiment  and  this  phenomenological 
model  over  the  visible  region  demonstrates  that  the 
change  in  the  optical  properties  is  due  to  a  dielectric  in¬ 
duced  change  in  the  electron  relaxation  time.  Somewhat 
surpnsing  is  the  sign  of  the  change. 

For  the  alkali  metals  it  has  been  shown  that  a  surface- 
plasmon-assisted  photon  absorption  mechanism'^  which 
leads  to  an  initial  co*  dependence  of  the  Drude  scattering 
rate  is  consistent  with  the  experimental  data  if  the  magni¬ 
tude  of  the  mechanism  is  used  as  a  free  parameter.  It  was 
also  shown  that  increasing  the  index  of  refraction  of  the 
neighboring  dielectric  half-space  increases  the  strength  of 
this  term,  increases  k,  and  hence  decreases  (Op.  The  fact 
that  the  optical  properties  of  the  noble  metals  change  in 
the  opposite  way  when  the  index  of  refraction  is  increased 
is  a  clear  indication  that  this  mechanism  cannot  be  the 
dominant  factor  here. 

It  has  been  known  for  some  time  that  when  a  metal  sur¬ 
face  is  probed  with  TM  polarized  radiation,  electron-hole 
ie-h)  pair  excitation  should  ccntrlb'ite  to  the  optical  ab¬ 
sorption.*' Recently,  Ljungoi.it  and  Apell*'*  have  pro¬ 
posed  that  this  effect  can  be  described  in  terms  of  a  single 
parameter,  the  first  moment  of  the  induced  surface  charge 
of  the  metal.  From  their  calculation  of  the  relative  contri¬ 
bution  of  electron  hole  pairs  to  the  total  absorptance,  we 
can  estimate  the  magnitude  of  the  appropriate  frequency- 
dep.ndent  sca.tering  rate  which  desenbes  this  pr.-ce*-;; 
Foi  (j  e-:co,.  A  fii.'l*'* 

■.  nefitO)!  ,  (19) 


where  IRetfilO)  |  is  the  center  of  gravity  of  the  induced 
charge  which  is  measured  with  respect  to  the  edge  of  the 
positive  metal  background.  .Although  the  magnitude  of 
this  relaxation  term  is  estimated  from  Ref.  24  to  be  less 
than  4%  of  the  strength  needed  to  explain  the  data  in 
Table  II,  it  does  have  the  correct  frequency  dependence. 
Moreover,  because  of  the  Pauli  exclusion  principle,  the 
quantity  'Rei/ilO):  for  a  liquid-metal  interface  should 
be  smaller  than  |Re£/^(0)|  for  an  air-metal  interface.  It 
is  not  clear  to  us,  though,  how  this  parameter  could 
change  by  the  measured  factor  of  2  observed  for  P  (see 
Table  II), 

The  large  change  in  P  required  for  the  electron-hole  ex¬ 
citation  mechanism  leads  us  to  speculate  on  another  possi¬ 
bility  which  again  makes  use  of  surface  plasmons  but  now 
in  an  indirect  role.  The  fact  that  the  optical  properties  of 
the  alkali  metals  and  noble  metals  seem  to  change  in  op¬ 
posite  ways  when  the  index  of  refraction  of  the  half-space 
changes  may  be  simply  an  indication  of  the  size  of  the 
electron-electron  scattering  term  within  the  skin  depth  of 
each  metal  type.  Inkson*'  has  pointed  out  that  although 
the  surface-plasmon  interaction  itself  is  attractive  below 
the  electrostatic  mode  limit,  the  decrease  in  the  bulk- 
plasmon  e.xchange  interaction  near  the  surface  causes  the 
total  interaction  for  quasipanicles  to  be  more  repulsive 
than  in  the  bulk. 

If,  below  the  electrostatic  mode  frequency,  electron- 
electron  scattering  dominates  the  surface-plasmon- 
mediated  scattering  within  a  skin  depth  for  the  noble  met¬ 
als  while  the  converse  is  true  for  the  alkali  metals,  then  a 
consistent  picture  emerges.  Increasing  the  index  of  the 
dielectric  half-space  would  increase  the  strength  of  the  at¬ 
tractive  surface-plasmon  interaction  for  both  metal  types 
and  decrease  the  magnitude  of  the  electron-electron 
scattering  term  within  a  skin  depth,  but  tkis  decrease 
would  only  be  apparent  in  the  optical  properties  of  the  no¬ 
ble  metals. 

Although  it  has  been  known  for  many  years  that  the 
Drude  parameters  of  noble-metal  films  depend  on  surface 
morphology  and  many  relaxation  processes  have  been  in¬ 
voked  to  explain  the  quadratic  frequency  dependence  of 
the  electron  relaxation  frequency,  it  was  not  generally 
recognized  that  surface  electrodynamics  could  play  an  im¬ 
portant  role  at  such  low  frequencies.  Our  systematic 
study  of  an  index-of-refraction  induced  change  in  the 
Drude  parameters  of  Ag  films  demonstrates  that  this  is 
the  case.  More  experiments  need  to  be  carried  out  to  iden¬ 
tify  the  physical  process,  but  the  general  conclusion  is 
now  clear:  The  dielectric  function  required  to  describe  the 
ir  and  optical  properties  of  a  noble-metal  mirror  depends 
on  tile  dx'leciric  constant  of  the  adjoining  medium. 
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The  absorption  coefficient  for  small  metal  particles  randomly  distributed  in  a  uniaxial  dielectric 
host  is  calculated  using  the  Maxwell-Garnett  effective-medium  theory.  Explicit  expressions  for  the 
absorption  coefficient  are  given  for  the  limit  of  low  metallic  volume  fraction.  Incorporation  of 
dielectnc  anisotropy  into  the  theory  provides  improved  agreement  with  published  data  on  colloidal 
Na  in  NaN,. 


1.  INTRODUCTION  uniaxial  effective  medium  and  presents  explicit  results  for 

the  low-/  limit.  Finally,  Sec.  V  applies  the  theory  to  col- 
A  comparison  of  the  frequency  for  maximum  absorp-  loidal  Na  in  NaNj  and  compares  the  results  with  the  ex- 

tion  tj()  and  line  shape  of  the  sphere  resonance  as  predict-  perimental  data  of  Smithard.^ 

ed  by  the  classical  Mie  theory'  with  data  on  small  metal 
particles  supported  in  dielectric  hosts  reveals  systematic 

discrepancies.  For  c.xample,  there  is  a  red  shift  of  the  U  ELECTROMAGNETIC  WAVES 

measured  value  of  tuo  with  respect  to  Mie^  theory  for  IN  a  UNIAXIAL  DIELECTRIC 

alkali-metal  particles  in  colored  alkali  halides.' 

The  dependence  of  w,,  on  the  dielectric  constant  of  the 

host  might  provide  esidence  to  support  or  refute  at  least  Landau  and  Lifshitz  and  Bom  and  Wolf,^’’  among  oth- 
one  proposed  explanation  '  for  the  red  shift.  Unfortunate-  ers,  discuss  the  propagation  of  electromagnetic  waves  in  a 

ly,  it  is  very  difficult  to  produce  particles  with  the  same  unia.xial  nonabsorbing  dielectric  crystal.  The  symmetric 

properties  (size,  distribution,  shape,  etc.)  reproducibly  in  a  dielectric  tensor  can  be  diagonalized  to  yield  the  eigen- 

number  of  hosts,  or  exen  to  tletermine  the  properties  of  values  €y,  and  along  the  principal  axes.  Let  the  z 
the  particles  in  a  gixen  sample.  axis  be  the  axis  of  symmetry  for  the  uniaxial  crystal. 

An  anisotropic  dielectric  in  effect  has  more  than  one  Then  e,  =e^=ei  and  ej=e|i.  If  ei|>ei  the  crystal  is 

dielectric  constant.  .A  sample  of  spherical  metal  particles  called  “positive.”  For  plane  waves  -Maxwell's  equations 

embedded  in  an  anisotropic  dielectnc  can  be  probed  by  require  that  the  triplets  D,  H,  and  the  wave  vector  k  and 

electromagnetic  waves  of  suit.iclv  chosen  polarization  and  E,  H,  and  the  Poynting  vector  S  be  mutually  perpendicu- 

direetion  of  propagation  to  accurately  measure  the  depen-  lar.  Therefore,  E,  D,  k,  and  S  arc  coplanar.  S  specifies 

dence  of  ia„  on  the  dielectric  constant  of  the  host.  the  direction  of  energy  propagation,  which  determines 

The  purpose  of  this  paper  is  to  discuss  the  absorption  where  the  light  actually  goes.  For  a  direction  denoted  by 

coefficient  of  a  collection  of  small  spherical  metal  parti-  either  k  or  S,  two  linearly  polarized  waves  propagate  in 

cles  randomly  embedded  in  a  uniaxial  dielectric  host  using  the  crystal.  The  "ordinary"  wave  behaves  just  like  a  wave 

the  Maxwell-Garnetf'  effective-medium  theory.  Explicit  in  an  isotropic  medium  (k!|S,  etc.).  For  the  “extraordi- 

expressions  for  the  absorption  coefficient  are  given  for  the  nary"  wave,  S  is  not  parallel  to  k  except  for  special  direc- 

limit  of  small  metal  volume  fraction  /,  ftir  which  the  Mie  tions.  For  example,  both  waves  are  ordinary  for  propaga- 

theory  applies.  The  specialization  to  the  uniaxial  case  re-  tion  parallel  to  the  axis  of  symmetry.  This  degeneracy 

tains  the  important  physics,  simplifies  the  mathematics,  permits  elliptically  polarized  waves  as  solutions, 

and  applies  to  the  example,  colloidal  Na  in  sodium  azide  A  beam  of  light  incident  on  a  uniaxial  crystal  under- 

(NaNi),  chosen  to  illustrate  the  effect.  For  Na  m  NaNi  goes  double  refraction — there  are  two  refracted  beams, 

the  relative  splitting  predicted  by  the  theory  is  less  than  The  Poynting  vector  of  the  extraordinary  refracted  wave 

IG-  of  need  not  lie  in  the  plane  of  incidence. 

This  paper  is  organized  as  follows:  Section  11  briellv  Born  and  Wolf  discuss  propagation  of  light*  in  an  ab- 

reviews  the  physics  of  electromagnetic  waves  prop.igatmg  .sorbing  unia.xial  crystal  in  the  limit  of  weak  absorption, 

in  a  transparent  anisotropic  dielectric.  Section  111  derives  since  the  general  problem  is  mathematically  tediiuis.  The 

the  Maxwell-Garnett  effective  dieh-ctric  function  for  dielectric  tensor  is  now  complex,  hut  otherwise  the  deriva- 

sm.ill  metal  spheres  cmbcdvled  in  a  unia.xial  ilielectric  non  resembles  that  for  the  transparent  dielectnc.  The 

host.  Section  IV  derives  the  absorption  coelficient  for  solutions  arc  elliptically  pol.irized  and  D  is  not  peipendic- 

both  ordinary  and  extraordinary  waves  propagating  in  this  ular  to  k. 
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III.  THE  EFFECTIVE  DIELECTRIC  FUNCTION 

Consider  the  propagation  of  electromagnetic  waves  of 
w'avelength  X  in  a  medium  of  small  spherical  metal  parti¬ 
cles  of  radius  a  and  complex  dielectric  function 
e  =  €'  +  ie"  distributed  randomly  in  a  transparent  uniaxial 
dielectric  host  characterized  by  the  diagonal  elements 
e^=ey^€,_  and  e;=e|i  in  the  principal  coordinate  system. 
In  the  quasistatic  limit,  A.»a,  the  response  of  the  medi¬ 
um  can  be  described  by  an  effective  dielectric  tensor 
eij(cj).  Let  £,  be  the  component  of  E  parallel  to  the  /th 
principal  axis  of  the  host.  The  Maxwell-Garnetf*  effec¬ 
tive  dielectric  function  follows  from  a  volume  average  of 
the  electric  field  and  electric  displacement  sectors,  given 
by 


D,=f-£,=/e£;-’  +  (l-/)e,£,"', 


(1) 


where  and  £,'''  are  the  /th  components  of  the  electric 
fields  inside  and  external  to  the  metal  particle,  respective¬ 
ly,  and  /  is  the  volume  fraction  of  metal  in  the  medium. 
Also  required  is  the  electrostatic  boundary  condition' 


£,"'=  • 


-Er’ . 


e,-  —  L,(e,  -e) 

The  depolarization  factor  is’ 


(2) 


^ _ a"  r  * _ 

2(e  ef Jo  (s--faVe,)/?s 

where 

£;  =  (.? -l-aVei  )-(s . 


(4) 


The  integrals  can  be  evaluated."  According  to  Landau 
and  Lifshitz, 


£||- 


1-e' 


2e^ 


In 


1+e 

\-e 

,  -1 


-2e 


(5) 


,3 


e  — tan  V),  e||>ei, 


L,={\-L..)/2  . 

where 

e=  1  I  1 .  (6) 

The  field-matching  condition  in  F,q.  (2)  is  identical  to  that 
for  an  ellipsoidal  particle  in  an  isotropic  dielectric,'*’  for 
which  the  depolarization  factors  are  determined  by  the 
shape  of  the  ellipsoid.  The  M;ixwell-Garnett  effective 
dielectric  tensor  in  the  principal  coordinate  system,  ob¬ 
tained  by  combining  Eqs.  (1)  and  (2),  is 

e,  I  [e,  -£,(e,  -  1  -  £,  )(f,  -  f  )| 

e,  = - .  (7) 

[e,  -£,(f,  -f  )]-!-/£, (f, -el 

The  complex  effective  dielectric  function  retains  uniaxial 
symmetry,  so  that  e“,  =«".  and  eT  =T|. 

For  a  plane  wave  of  wave  vector  k  (direction  k)  propa¬ 
gating  in  the  effective  medium,  manipulation  of 


Maxwell’s  equations  and  the  constitutive  relation  yields 

(if^— fi)[/T’ei(  1  —  k  ’ei.k  e^|ei]=0  ,  (8) 

where  =  e  =  +  0"'.  The  roots  of  Eq.  (8)  are 

I 


(9) 


fi-e, 


c,  = 


1  —  A:  ;)-fe.,A  ~ 

for  the  ordinary  and  extraordinary  waves,  respectively. 
Let  0  be  the  angle  between  k  and  the  z  axis.  For  the  ex¬ 
traordinary  wave, 

ei(e f  :"^)cos‘0-+-e'  (e'  ’ -f-e  ,"')sin‘0 


(6'iC0S‘tl-i-e'iSin’(l)'  -i-(e  ;'jcos-0-|-e  {'sin’0)' 

e  r(e 'I’  +  e  )cos'0-(-f  "(t '  "-ce,"’)sin-0 
( e'iCos‘9 -t- e '^sin'O )■  -t- ( e  "cos 'fJ -f  e  )‘ 


(10) 


IV.  THE  ABSORPTION  COEFFICIENT 

The  problem  has  been  reduced  to  a  calculation  of  the 
absorption  coefficient  of  a  homogeneous  absorbing  aniso¬ 
tropic  medium.  For  the  ordinary  wave. 


F'  d/3 


a<,  =  — (2  Ifp  1  -2e;) 
c 


(3)  lf/«l, 


a^=- 


^  [ft 


(11) 


(12) 


For  Drude-metal  particles  with  bulk  plasma  frequency  cOp 
and  high-frequency  dielectric  constant  e„,  the  frequency 
of  the  sphere  resonance  is  approximately 

lOi  =(Op/[£„  +{L  I  '  —  1  )fi]''^"  .  (13) 

The  ordinary  wave  lives  up  to  its  name.  For  the  extraor¬ 
dinary  wave. 


rt,  =  — (2|6, 

c 


-2e-;)' 


(14) 


which  is  a  complicated  expression  when  written  explicitly. 
In  the  Mie  limit  (/  «  1 ), 


a,= 


_ _ 

c  [ei|Cos’(M  ei-sin't)] 

cos'd 


X 


-f 


t,  -£,(e,  -e')]’  (-L'e"' 
sill'd 


(15) 


This  result  can  also  be  obtadied  by  following  Horn  and 
Woirs”  procedure  for  the  limit  of  weak  absorption.  For 
Drude-metal  particles,  unless  d  =  0  or  ~/2,  there  are  two 
resonance  frequencies.  ((/[  [Equation  (13)]  and 

W||=«p/[f„+(f-iT'-l)f||]'''’  •  (16) 

The  relative  strength  of  the  resonanees  depends  on  d.  If 


31 


MIE  RESONANCE  FOR  SPHERICAL  METAL  PARTICLES  IN  .  .  . 


25 


2429 


fi=6,|,Eq.  (15)  reduces  correctly  to  the  familiar  Mie  ex¬ 
pression  for  particles  in  an  isotropic  medium. 

V.  DISCUSSION 

To  measure  the  dependence  of  coq  on  the  dielectric  con¬ 
stant  of  the  host  using  small  metal  particles  in  a  uniaxial 
dielectric,  the  ideal  orientation  of  the  sample  is  with  the 
axis  of  symmetry  in  the  plane  of  the  surface.  Then  a 
linearly  polarized  wave  at  normal  incidence  could  be  cou¬ 
pled  completely  into  the  ordinary  (tJo  =  w.)  or  extraordi¬ 
nary  (aio=w  )  wave  in  turn  by  rotating  the  plane  of  polar¬ 
ization.  Since  the  composite  medium  absorbs  radiation, 
the  solutions  are  elliptically  polarized,  but  the  polarization 
is  nearly  linear  in  the  limit  of  weak  absorption. 

An  example  of  the  system  under  consideration  for 
which  the  sphere  plasma  resonance  has  been  studied  ex¬ 
perimentally-  is  colloidal  Na  in  colored  NaNi.  NaN,  is  a 
rhombohedral  crystal  with  n„  =  \/Ti  =  \.2Z  and 
ng  =  \/T  =  1.52."  Smithard  and  Tran'"  performed  a  fit 
of  the  Drude  model  to  the  data  of  Smith"  for  e'  of  Na  to 
obtain  y}f<j^  =  5.54  eV,  and  £,,  =  1.25.  For  these  values, 
Eqs.  (5),  (6),  (13),  and  (16)  give  e  =0.462,  =0.520, 

L.  =0.^359,  =2.41  eV  (5148  A),  and  ^  ,=2.39  eV 

(5185  A).  The  splitting  is  less  than  1%  of  the  resonance 
frequency,  but  such  an  effect  should  be  measurable  in  the 
visible. 

Smithard^  studied  samples  of  Na  in  NaNj  with  the  axis 
of  symmetry  perpendicular  to  the  surface,  since  NaN; 
grows  in  thin  plates  and  cleaves  with  the  largest  face  in 
this  orientation.  The  wavelength  for  maximum  absorp¬ 
tion  depends  on  the  annealing  time,  which  is  thought  to 
be  related  to  the  mean  particle  size.  The  minimum  mea¬ 
sured  wavelength  for  the  peak  was  about  5200  A. 
Smithard  ignored  the  anisotropy  of  NaNj  in  his  model. 
For  Drude  Na  with  the  parameters  given  above  and  a  re¬ 
laxation  time  corrected  for  boundary  scattering"  by  the 
conduction  electrons  r=(rg  ' -t-Uf /a  )" '  with  bulk  relaxa¬ 
tion  =  3.36X10“"  s,  Fermi  velocity  t'f=  1.03x  10'* 
cm/s,  and  particle  radius  a  =  15  A  in  an  isotropic  dielec¬ 
tric  with  constant  eo=  1.904,  Eq.  (12)  predicts  a  resonance 
at  5034  A.  Smithard's  somewhat  more  complicated 
model  yields  5020  A  for  the  peak.  Taking  the  anisotropy 
of  NaN3  into  account,  the  predicted  resonance  for  Drude 


Na  particles  is  at  5147  A  in  substantially  better  agreement 
with  experiment.  The  remaining  red  shift  of  the  mea¬ 
sured  peak  is  about  the  same  size  as  found  by  Smithard 
and  Tran'-  for  Na  particles  in  isotropic  NaCl.  Several 
mechanisms^"- “  "  have  been  proposed  to  explain  the  in¬ 
creasing  red  shift  with  decreasing  particle  size  for  very 
small  particles. 

A  disadvantage  with  the  Na  in  NaN;  system  is  that  the 
particles  have  not  yet  been  examined  under  an  electron 
microscope  to  determine  sizes  and  shapes.  If  the  panicles 
are  oriented  ellipsoids  of  revolution,  rather  than  spheres, 
there  are  two  resonance  frequencies, 

«,=w^/[e,-f-(Z.-'-l)£„]'^^  (17) 

where  the  subscript  /  =  l',i  identifies  the  principal  axes. 
The  depolarization  factors  L,  are  given  by  Eqs.  (5)  and  (6) 
with  f  j/fi  replaced  by  .)’,  where  and  d^  are 

the  axes  of  the  ellipsoid  parallel  and  perpendicular  to  the 
direction  of  uniaxial  symmetry.  The  absorption  spectrum 
for  oriented  ellipsoidal  particles  with  only  a  1%  difference 
between  the  lengths  of  the  two  axes  would  show  a  split¬ 
ting  comparable  in  magnitude  to  the  prediction  for  Na  in 
NaN;,  for  which  v/ 6i|/£i  =  1- 10.  The  difference  is  due  to 
the  replacement  of  and  e.,  in  Eqs.  (13)  and  (16)  bv  eo  in 
Eq.  (1  7).  Such  a  small  ellipticity  would  be  difficult  to 
measure  by  electron  microscopy. 

In  conclusion,  this  paper  generalized  the  Maxwell- 
Garnctt  effective-medium  theory  to  include  the  case  of 
small  spherical  metal  particles  embedded  in  a  uniaxial 
dielectric.  Explicit  expressions  for  the  absorption  coeffi¬ 
cient  obtained  for  low  volume  fractions  of  metal  provide 
improved  agreement  with  published  experimental  results 
on  Na  in  NaN;.  This  type  of  system  could  be  used  to 
study  the  effect  of  the  dielectric  constant  of  the  host  on 
the  optical  properties  of  the  particles,  but  the  samples 
must  be  well  characterized  and  controlled  with  respect  to 
morphology  to  avoid  competing  effects  due  to  ellipticity 
of  the  particles. 
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Effect  of  Melting  of  the  Metallic  Component  on  the  Anomalous  Far-Infrared  Absorption 

of  Superconducting  Sn  Particle  Composites 

W,  A.  Curtin,  R.  C  Spitzer,  N.  W.  Ashcroft,  and  A.  J.  Sievers 
Laboni!or\  0l  Atumu  and  Solid  State  Physics  and  Materials  Science  Center.  Cornell  University,  Ithaca.  Sew  York  14853 

(Received  20  Sepiember  19841 

By  means  of  a  simple  experimental  heat-treatment  procedure,  the  anomalous  far-infrared  absorp¬ 
tion  of  superconducting  Sn  particle  composites  is  shown  to  be  associated  with  clustering.  The  struc¬ 
tural  insights  thus  obtained  lead  to  a  new>  theory  in  which  the  composite  electric  dipole  absorption  Is 
dominated  by  poorly  conducting  clusters  and  is  much  larger  than  that  of  isolated  metal  particles. 

For  superconducting  particles,  the  theory  predicts  the  absorption  at  freguencies  above  the  gap  fre¬ 
quency  to  be  larger  than  in  the  normal  state,  in  agreement  with  experiment. 

PACS  numbers:  74  JO.Gn,  78.30.-i.  78  65.Ez 


Recent  experiments  by  Carr.  Garland,  and  Tanner* 
on  granular  superconducting  samples  of  small  Sn  parti¬ 
cles  embedded  in  an  insulating  alkali  halide  host  have 
shown  that  not  only  is  the  absorption  anomalously 
large  in  comparison  to  the  predictions  of  classical 
theories,'  *  but  at  frequencies  higher  than  the  super¬ 
conducting  gap  frequency  aig  the  composites  are  actu¬ 
ally  more  absorbing  in  the  superconducting  state  than 
in  the  normal  state.  Though  carried  out  on  a  different 
class  of  system,  the  experimental  work  of  Devaty  and 
Sievers  suggests  that  in  the  normal  stale  this  large  ab¬ 
sorption  is  a  multiparticle  effect.'*  The  superconduct¬ 
ing  behavior  is  surprising  since  bulk  Sn  has  smaller 
electromagnetic  absorption  in  the  superconducting 
state. 

In  this  paper  we  (i)  report  far-infrared  absorption 
measurements  for  composite  samples  comprised  of  ei¬ 
ther  oxide-coated  or  oxide-free  Sn  particles  in  KBr  at 
low  temperatures,  and  (ii)  present  a  new  theory  that 
accounts  for  the  absorption  in  these  systems.  With 
respect  to  the  measurements,  we  have  found  that  both 
types  of  system  show  greater  absorption  in  the  super¬ 
conducting  stale  than  in  the  normal  stale  at  frequen¬ 
cies  higher  than  ui^jp.  However,  as  we  shall  see  below, 
after  heal  treatment,  a  process  presumed  to  change  the 
local  particle  topology,  the  absorption  in  the  supercon¬ 
ducting  slate  is  found  never  to  exceed  that  of  the  nor¬ 
mal  state.  The  structural  implications  of  these  results 
suggest  a  new  theoretical  description  of  such  systems. 
In  particul.ir,  the  unheated-sample  results  may  now  be 
understood  by  the  assumption  that  the  absorption  is 
attributable  lo  clusters  of  metal  particles  with  effective 
dielectric  properties  which  depend  on  the  local  particle 
topology.  One  particular  cluster  topology  (the  cluster 
percolation  model)  is  most  likely  to  be  appropriate  for 
the  unhe.iied  composites.  It  is  characterized  by  poorly 
conducting  clusters  (as  compared  to  that  of  the  metal 
particle  constituents)  and  leads  to  large  electric  dipole 
(ED)  absorption  because  of  the  dependence  of  the  ab¬ 
sorption  on  the  inverse  of  the  cluster  conductivity  in 
the  ED  mechanism.  The  superconducting  anomaly 
then  arises  quite  naturally  for  the  ED  absorption 


mechanism. 

The  Sn  particles  used  in  this  study  are  produced  by  a 
method  of  inert-gas  evaporation.*  Sn  metal  is  evap¬ 
orated  from  a  molybdenum  boat  in  either  a  20"(.  oxy¬ 
gen:  80%  argon  or  a  100%  argon  atmosphere  at  a  pres¬ 
sure  of  0.7  Torr.  The  particles  prepared  in  the  pres¬ 
ence  of  the  oxygen  have  a  thin  oxide  coating  which 
prevents  them  from  cold  welding  together  during  the 
evaporation  process.  These  samples  are  chosen  to  be 
similar  lo  those  studied  by  Carr.  Garland,  and  Tanner. 
Particles  made  in  a  pure  argon  atmosphere  are  as¬ 
sumed  to  have  no  oxide  coating.  A  scanning  transmis¬ 
sion  electron  microscope  is  used  to  measure  the  parti¬ 
cle  sizes:  The  oxide-coated  and  oxide-free  particles 
discussed  here  have  mean  radii  of  50  A^  (including  the 
oxide  coaling  of*  ^20  A)  and  250  A,  respectively. 
Our  samples  are  pressed  pellets'  of  Sn  particles  embed¬ 
ded  in  a  KBr  host.  The  metal  volume  fill  fraction  is 
0.02.  Because  of  continuous  radiation  damage  to  the 
alkali  halide  as  well  as  sample  thinning  problems,  nei¬ 
ther  we  nor  others  before  us  have  been  able  to  make 
direct  TEM  studies  of  the  sample  morphology. 

Several  of  the  composite  samples  were  subjected  to 
the  heat  treatment  process  mentioned  above.  This 
consists  of  heating  the  finished  pellets  for  15  min  at  a 
temperature  of  250°C.  which  c.vcccrfsthe  bulk  Sn  melt¬ 
ing  point  of  232  °C  but  is  still  well  below  the  melting 
point  of  KBr.  Either  air  or  hydrogen  atmosphere  is 
used  in  heat  treating  of  the  oxide-free  samples.  Hy¬ 
drogen  is  used  to  inhibit  the  formation  of  an  oxide 
coating.  Identical  absorption  coefficients  are  obtained 
for  these  different  atmospheres.  An  air  atmosphere  is 
used  exclusively  in  heat  treating  of  the  oxide  samples. 
The  Sn  particles  from  the  heat-treated  samples  were 
later  examined  with  a  TEM  after  removal  of  the  alkali 
halide  host  with  water.  The  micrographs  show 
numerous  large  Sn  single  crystals  with  mean  radii  of 
500  and  800  A  embedded  in  relatively  large  structure¬ 
less  2000-3000  A  Sn  clusters  for  the  heated  oxide  and 
oxide-free  samples,  respectively. 

Transmission  spectra  were  measured  from  4  to  30 
cm"'  with  a  lamellar  grating  interferometer  and  a  cry- 
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ostai  wiih  a  ^He-cooled  germanium  bolometer.''  The 
infrared  absorption  coefficient  is  then  calculated  from 
the  measured  transmission  coefficient  Tioi)  by 

a((a)  =  (l//)lnT(co)  +  ag. 

where  t  is  the  thickness  of  the  sample  and  oro  is  chosen 
so  that  the  absorption  coefficient  extrapolates  to  0  at 
zero  frequency. 

The  normal-stale  absorption  coefficient  for  rep¬ 
resentative  unheated  and  heated  oxide-coated  and 
oxide-free  samples  is  shown  in  Fig.  I.  In  complete 
agreement  with  previous  studies  of  FIR  absorption  by 
small  particles  in  alkali-halide  hosts,  the  magnitude  of 
a,  is  orders  of  magnitude  larger  than  predicted  by  sim¬ 
ple  theories.  Here,  both  types  of  unheated  samples 
show  nearly  quadratic  frequency  dependence  at  low 
frequencies  but  the  oxide-coated  sample  data  becomes 
nearly  linear  in  frequency  above  15  cm"'.  Upon  heat 
treatment,  the  normal-state  absorption  of  the  oxide 
samples  changes  only  slightly.  However,  the  absorp¬ 
tion  of  the  oxide-free  samples  decreases  by  about  a 
factor  of  2  in  magnitude  and  the  frequency  depen¬ 
dence  is  between  linear  and  quadratic. 

The  superconducting-state  results  are  also  interest¬ 
ing:  Distinct  changes  in  the  difference  absorption 
^a  =  a„-a,  appear  for  both  sample  types  upon  heat 
treatment  as  shown  in  Fig.  2.  Before  healing,  both 
sample  types  exhibit  a  superconducting  absorption 
which  is  larger  than  the  normal-state  absorption  above 


Frequency  (cm  ') 

FIG.  I.  Normal-slate  absorption  coefficient  o,  for  oxide- 
coaled  (solid  lines)  and  oxidc-frec  (dashed  lines)  samples 
before  (6  )  and  after  ( //)  the  heal-lreaimem  process.  All 
the  a,  are  anomalously  large  with  respect  to  previous 
theoretical  predictions.  The  uncertainties  m  the  measured  « 
are  ±5')(i. 


ru,  =  9.3  cm  as  also  reported  by  Carr,  Garland,  and 
Tanner.  At  frequencies  below  toy,  Ya  for  the  oxide- 
coated  samples  is  small  and  its  sign  varies  from  sample 
to  sample.  But,  for  the  oxide-free  samples  Aa  is  de¬ 
finitely  positive.  After  heat  treatment,  (he  oxide- 
coated  samples  give  Ya  =  0  over  all  of  the  frequency 
range  studied.  In  contrast,  Aa  for  the  oxide-free  sam¬ 
ples  becomes  positive  at  all  measured  frequencies. 

The  changes  in  both  and  Aa  induced  by  the  heat 
treatment  are  taken  as  strong  evidence  that  clustering 
is  indeed  responsible  for  the  anomalous  FIR  absorp- 
Irion  in  these  systems.  Our  observations  of  large  fused 
clusters  present  in  the  heat-treated  samples  suggest  a 
general  picture  of  the  composite  topology  in  which 
compact  clusters  of  metal  particles  with  effective  local 
dielectric  functions  t  are  distributed  evenly  throughout 
the  host  medium.  We  now  describe  the  theory  of  one 
such  cluster  topology  (the  cluster  percolation  model), 
appropriate  to  the  unheared  samples,  which  predicts 
very  large  electric  dipole  absorption. 

In  the  cluster  percolation  model,  the  composite  is 
assumed  to  consist  of  dispersed  clusters,  on  a  size 
scale  of  a  few  thousand  angstroms,  embedded  in  the 
alkali  halide  host.  Each  cluster  is  itself  a  sub¬ 
composite  consisting  of  metal  particles  of  radius  a. 
voids,  and  impurities  and/or  oxides.  The  latter  serve 
to  electrically  isolate  a  fraction  1  -pof  the  metal  parti¬ 
cles  from  their  neighbors.  The  remaining  metal  parti¬ 
cles  m  the  cluster  are  taken  to  be  electrically  coupled 


Frequency  (cm  ') 

FIG.  2.  Dilfercncc  absorption  Ai(  =  a,-ii,  for  oxulc- 
coated  (solid  lines)  and  oxide-free  (dashed  lines)  samples 
before  (  U)  and  after  (  //)  heal-lreaimeni  process  Note  the 
disappearance  of  the  A<»(ai  >  lu, )  <  0  anomaly  seen  by 
Carr,  Garland,  and  Tanner  upon  heal  treaimenl. 
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to  an  extent  appropriate  for  a  finite-sized  system  of 
metal  particles  of  fill  fraction  p  and  complex  dielectric 
€„(cu)  embedded  in  a  nonconducting  cluster  host  with 
dielectric  The  cluster  is  characterized  by  an  effec¬ 
tive  dielectric  function  e( p.m)  =  e'ip.oj)  +  ie"(p,u). 
The  composite  is  an  assembly  of  clusters  with  a  range 
of  p  values.  Clusters  with  p  near  1  are  very  metallic 
and  have  small  electric  dipole  absorption.  Clusters 
with  p  near  0  consist  of  isolated  metal  particles  and 
their  absorption  is  again  small,  being  similar  to  that  of 
a  system  of  small  isolated  particles.  However,  for  clus¬ 
ters  with  p  near  the  threshold  for  percolation,  p^.  the 
electrically  coupled  metal  particles  will  form  tenuous 
chains  and  the  absorption  of  such  clusters  is  greatly 
enhanced  relative  to  single  particles. 

The  clusters  with  their  associated  eip.w)  are  as¬ 
sumed  to  be  uniform  in  size  and  much  smaller  than 
the  wavelength  of  the  incident  radiation.  In  addition, 
since  the  total  metal  fill  fraction  is  ,/'«  1,  the  fill 
fraction  of  each  “bin”  of  clusters,  fN{p)dp.  where 
.V(p)  is  the  fraction  of  clusters  with  conducting- 
element  fill  fraction  between  p  and  p  +  dp,  is  also 
necessarily  small.  Within  these  limits,  the  multicom¬ 
ponent  Maxwell-Garnett^'^'  dielectric  function  for  a  di¬ 
lute  collection  of  spherical  inclusions  is  then  applica¬ 
ble,  and  leads  to 


\+3ffdpN(p) 


(ip. Oj)  -€/, 
iip.Oj)  +2(1, 


(1) 


where  is  the  KBr  host  dielectric  constant.  The  ab¬ 
sorption  coefficient  arising  from  electric  dipole  absorp¬ 
tion  is  a(aj)  =  2(tu/c)Im€comp  'S  approximately 
given  by 


a  ( o) )  ==  9y'e  tip^  ( p) 


_ f"(p.oj) _ 


(2) 


Large  absorption  results  if  there  exist  clusters  with 
€'  =  t"  «  a  condition  we  will  show  to  be  general¬ 
ly  satisfied.  The  distribution  function  Nip)  is  not  in 
general  explicitly  known.  However,  we  expect  Nip) 
to  be  relatively  featureless  over  the  scale  of  the  sub¬ 
stantial  variations  in  the  dielectric  function  anticipated 
al  p~  Pc-  By  way  of  example,  we  have  chosen  Nip) 
to  be  a  constant  over  0  <  p  <  0.30  and  zero  elsewhere, 
a  choice  which  provides  merely  an  overall  scale  factor 
for  the  absorption. 

To  calculate  the  effective  dielectric  function  tip.w) 
of  a  single  cluster  characterized  by  a  chosen  p.  the 
structure  is  geometrically  modeled  as  a  simple  cubic 
lattice  spacing  la  and  edge  length  L.  Between  the  sites 
of  the  lattice  are  placed  dielectric  bonds  ,issigned  a 
dielectric  constant  of  either  f„ioi)  or  (/,  with  the  frae- 
tion  of  pel  e„i(Ljl  bonds  corresponding  to  the  volume 
fraction  of  unisolated  metai  pirticles  The.  metal 


dielectric  function  is  assumed  describable  by  a  Drude 
model  with  an  electron  relaxation  time  T  =  alvf.  The 
cluster  host  dielectric  constant  «(,  has  contributions 
from  the  coated  metal  particles  and  is  taken  to  be  a 
real  constant.  An  effective  tip.ui)  may  then  be  calcu¬ 
lated  in  principle  for  the  model  cluster  by  averaging 
over  the  many  possible  configurations  of  conducting 
and  nonconducting  bonds  at  fixed  p.  This  lengthy  pro¬ 
cedure  can,  however,  be  avoided  by  employing  a  real- 
space  renormalization-group  (RSRG)  technique^  to 
calculate  eip.tu).  For  a  finite  system,  the  RSRG 
transformation,  which  reduces  the  number  of  bonds 
along  a  cube  edge  by  a  factor  of  2  after  each  transfor¬ 
mation,  is  truncated  after  ln(  L/2a)/\ni  2 )  iterations  so 
that  an  L^L^L  cluster  with  fraction  p  of  «„(<«) 
bonds  is  reduced  to  a  single  effective  cluster  of  dielec¬ 
tric  eip.uj). 

Utilizing  this  approach,  we  find  that  the  real  part  of 
fip.u)  increases  slowly  with  increasing  p.  in  contrast, 
the  imaginary  part  increases  very  rapidly  from  values 
much  less  than  the  real  part  to  values  much  greater 
than  the  real  part,  over  a  fairly  narrow  (0.1 
<p<0.25)  range  of  p.  This  transition  constitutes 
the  remnant  of  the  insulator-metal  transition  of  infin¬ 
ite  clusters  and  guarantees  that  the  absorption  coeffi¬ 
cient  (see  Eq.  (2)1  will  have  contributions  from  clus¬ 
ters  with  e'ip.ijj)  =  e  'ip.w)  «  €^((u),  as  is  necessary 
for  large  absorption.  The  frequency  dependence  of 
o(<o)  is  sensitive  to  the  details  of  the  calculation  of 
€ip.u})  but  our  model  results  should  be  a  reasonable 
representation  of  the  actual  eip.w)  and  the  resultant 
absorption  coefficient.  We  emphasize  that  the  general 
behavior  of  eip.w)  and  hence  a  is  expected  for  any 
type  of  calculation  incorporating  the  essential  physics. 
The  RSRG  technique  merely  puts  the  transition  of 
(ip,<o)  from  insulating  to  metallic  behavior  in  a  partic¬ 
ular  range  of  p  with  a  (size-dependent)  width  and  fre¬ 
quency  dependence. 

The  absorption  coefficient  versus  frequency  as  cal¬ 
culated  by  Eq.  (1)  (with  iip,u>)  as  appropriate  for 

.  O 

^7  =  50  Sn  particles  m  clusters  of  sizes  Za=*64i/ 
=  3200  A]  is  presented  in  Fig.  3.  The  parameters 
have  been  chosen  to  correspond  to  the  unheated 
oxide-coated  samples  studied  here  with  ej,=  I0.  The 
magnitude  of  the  absorption  at  low  frequencies  is  fairly 
large:  a(8  cm"')  =0.075  cm"',  which  is  within  a 
factor  of  4  of  the  measured  value  and  exceeds  the 
Maxwell-Garnett  single-particle  estimates  by  about  3 
orders  of  magnitude.  The  frequency  depedence  is  also 
in  good  agreement  with  the  data.*  The  magnitude  of  o 
is  fairly  insensitive  to  the  magnitude  of  e"(<u)  and 
nearly  proportional  'o  tj,"  '''^ 

For  the  supereonducimg  state,  the  composite  ab¬ 
sorption  coefficient  may  be  calculated  with  the  same 
procedure  but  with  the  use  of  the  Mattis-Bardeen’ 
dielectric  function  for  the  superconducting  metallic 
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FIG  3  Normal-slale  absorption  coetncieni  in  duster  pcr- 
tolation  model  (dot-dashed  lines).  Tor  dusters  of  si/e 
L  =  3300  A,  partiele  diameter  2a  =  100  A.  corresponding  to 
the  non-heat-treated  oxide-coated  samples  studied  here  In¬ 
set  Alt )  cm  ■ '  I  =  i>,  -  (»,  vs  <u(cm“')  calculated  with  the 
same  model  with  m,  ’=  8  cm  ' '  The  measured  u,  and  Ait  for 
unheated  oxide  samples  of  Figs.  I  and  2  scaled  down  by  an 
arbitrary  factor  of  4  are  also  shown  (solid  lines) 


component  The  difference  absorption  A«,  shown  in 
the  inset  of  Fig  3,  exhibits  a  positive  peak  near 
(taken  to  be  at  8  cm"')  and  a  negative  peak  at  a 
higher  frequency  followed  by  a  decrease  in  to  zero 
at  (j)  »  <11,  The  calculated  Yu  is  quite  consistent  with 
experimental  observations.  The  "anomalous"  (i.e., 
.\u  <  0)  absorption  results  directly  from  the  form  of 
Eq.  (2).  In  the  superconducting  state.  «"  is  reduced 
from  Its  normal-state  value  and  t  increased  such  that 
the  absorption  is  actually  increased  relative  to  that  of 
the  normal  state  for  u>  >  lo,. 

Upon  heat  treatment,  we  expect  the  metal  particles 
in  each  cluster  to  fuse  together  despite  the  presence  of 
the  coating  on  some  preheated  particles.  Fusion 
represents  a  drastic  change  m  the  cluster  topology  and 
should  consideralby  alter  the  character  of  the  absorp¬ 
tion  coefficient.  In  particular,  we  expect  the  oxide- 
free  sample  clusters  to  become  quite  metallic  and  ex¬ 
hibit  large  magnetic  dipolelike  absorption  upon  heat 
treatment,  yielding  Au  >  0  above  However,  for 

the  oxide-coated  samples,  the  presence  of  the  oxide 
must  prevent  a  complete  transition  from  the  cluster 


percolation  topology  to  a  fused  metallic  cluster  topolo¬ 
gy  and  «(<u)  should  then  result  from  a  combination  of 
the  mechanisms  just  described. 

In  summary,  heat  treatment  of  metal-alkali-halide 
composites  greatly  affects  their  absorption  coefficients 
and  eliminates  the  Au  <  0  superconducting  "anoma¬ 
ly.”  A  cluster  percolation  model,  in  which  the  con¬ 
nectivity  within  a  cluster  is  sensitive  to  the  melting  of 
the  metal  component,  leads  to  clusters  some  of  which 
satisfy  a  resonance  condition  "  in  the  absorption 

with  «'  and  e  "  much  smaller  than  The  resulting 
absorption  coefficients  are  in  good  agreement  with  ex¬ 
periment.  resolving  not  only  the  Ao  <  0  anomaly  of 
Carr,  Garland,  and  Tanner  but  also  the  long-standing 
discrepancy  of  orders  of  magnitude  difference  between 
theory  and  experiment  in  such  systems. 
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The  far  infrared  absorptivity  of  CePd,  has  been  measured  between  4.2  and  300  K  over  a  photon 
energy  range  which  is  an  order  of  magnitude  larger  than  previously  reported.  These 
measurements  together  with  previous  results  map  out  the  entire  region  of  the  low-temperature 
CePd,  absorptivity  anomaly,  which  is  larger  and  extends  to  larger  energies  than  extrapolation 
from  earlier  cavity  measurements  would  suggest.  The  anomaly  is  too  large  to  be  compatible  with 
simple  conduction  electron  scattering  off  a  resonant  level  near  the  Fermi  energy.  Above  200  meV 
only  a  weak  temperature  dependence  is  observed  although  a  minimum  in  the  absorptivity  at  270 
meV,  attributed  to  an /multiplet  transition,  appears  to  sharpen  at  the  lowest  temperatures. 


Nonresonant  far  infrared  cavity  techniques '•*  previous¬ 
ly  have  been  used  to  identify  an  unusual  temperature  depen¬ 
dent  absorption  feature  centered  at  about  20  meV  in  the 
mixed  valence  compound  CePd,.  This  low-temperature 
anomaly  appeared  to  be  consistent  with  a  model'  **'^  which 
includes  energy-dependent  electron  scattering  off  a  resonant 
level  near  the  Fermi  energy. 

We  have  made  direct  measurements  of  the  reflectivity 
of  CePd,  between  4  and  300  K  over  the  photon  range  10-400 
meV,  thereby  extending  the  range  of  the  earlier  measure¬ 
ments  by  an  order  of  magnitude  in  energy.  Our  results  indi¬ 
cate  that  at  higher  energies  the  cavity  measurements  lead 
one  to  underestimate  both  the  width  and  strength  of  the  low- 
temperature  absorption  feature.  These  new  data  are  not 
compatible  with  a  simple  resonant  level  model. 

At  energies  greater  than  about  12  meV  the  absorptivity 
of  CePd  ,  at  4.2  K  is  large  enough  so  that  it  can  be  obtained 
from  a  straightforward  reflectivity  measurement  while  for 
smaller  energies  nonresonant  cavities  have  been  used.  In  the 
energy  region  from  1 2  to  40  meV  the  two  measurement  tech¬ 
niques  can  be  compared.  Our  measurements  were  made  as 
follows. 

5-40  meV:  Nonresonant  cavity  techniques  have  been 
used  which  are  similar  to  those  described  earlier.’  Radiation 
from  a  Michelson  interferometer  propagates  down  a  light 
pipe  into  a  cryostat  through  a  nonresonant  cavity  and  to  the 
defector.  Different  samples  are  sequentially  attached  to  the 
cavity  wall  and  the  far  infrared  transmission  compared. 

12-125  meV:  The  cavity  is  now  replaced  by  a  section  of 
light  pipe  which  contains  two  right-angle  bends  at  which 
samples  are  introduced.  The  sample  assembly  can  be  rotated 
to  substitute  in  place  an  identical  arrangement  with  Au- 
coaled  reference  samples.  The  interferometer  resolution  is  2 
meV  for  energies  below  50  and  6  meV  at  larger  energies.  The 
absorptiviiies  are  reproducible  to  +  0.02. 

125-400  meV:  Two  samples  are  mounted  in  an  immer¬ 
sion  optical  access  cryostat  which  contains  ZiiSe  windows. 

The  entire  assembly  is  inserted  in  the  beam  of  a  commercial 
Michelson  interferometer  which  is  scanned  at  a  resolution  of 
0.4  meV,  The  beam  is  reflected  off  each  sample  at  45°  and 
returned  to  its  original  path  by  another  pair  of  mirrors.  This 
allows  the  sample  to  be  introduced  into  the  optical  path 
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without  deviating  the  beam.  The  relative  error  in  the  mea¬ 
sured  absorptivities  is  estimated  to  be  +  0.03.  To  fix  the 
absolute  magnitude  of  the  absorptivity  the  P34  line  of  the  10- 
fim  branch  of  a  CO-  laser  (115  meV)  is  used  for  a  single¬ 
frequency  measurement  of  the  temperature  and  polarization 
dependence. 

The  cavity  data  and  the  specular  reflectivity  data  are 
compared  at  two  temperatures  in  Fig.  1.  The  measurements 
agree  at  the  lower  end  of  the  frequency  range  but  disagree  at 
the  higher  frequency  end.  Both  measurements  are  seen  to  be 
well  above  the  Drude  theory  value.  In  the  Drude  model  for  a 
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FIG.  1.  Absorptivity  of  Cvl’d,  as  a  function  of  frequency  for  two  tempera¬ 
tures  rile  absorptivity  has  been  measured  using  two  different  experimental 
methods  reflectivity  (solid  curve  4  K,  dashed  curve  75  Kl.  cavity  Idash- 
dash-dot  4  K.  dash-dot  75  K I  The  dotted  curve  is  from  the  Drude  model  for 
CePd,  at  4  K  with  (ur>  1  andp  -  1 2 p/7  cm 
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FIG.  2.  Absorptivity  of  CePd,  as  a  function  of  temperature  over  an  ex¬ 
tended  frequency  interval.  The  solid  curve  is  for  4  K;  the  dashed  curve.  75 
K;  and  the  dotted  curve.  500  K.  The  dash-dot  curve  is  the  Drude  theory 
curve  for  CePd,  at  300  K  with  p  =  120  p/2  cm  and  &ir<l. 


free  electron  metal  the  dielectric  function  is 

(1) 

1  —  ICOTq 

For  a  high-resistivity  metal  cur^4l  in  this  region  and  the 
dielectric  function  and  absorptivity  are  dependent  only  on 
the  conductivity  <7,,.  The  Drude  curve  shown  is  for  a  sample 
ar  4  K  measured  to  have  a  resistivity  of  12///2  cm.  The  differ¬ 
ences  between  the  observed  absorption  and  the  Drude  model 
diminish  for  both  types  of  measurements  as  the  temperature 
increases. 

Figure  2  shows  the  frequency  dependent  absorptivity  of 
CePd,  at  three  different  temperatures.  Our  room  tempera¬ 
ture  measurement  is  in  agreement  with  the  earlier  work  of 
Allen.'  The  absorptivity  is  roughly  fit  by  the  Drude  model 
up  to  100  meV  with  an  amplitude  consistent  with  the  resis¬ 
tivity  of  CePd,  at  300  K,  \20f/f2  cm.  As  the  temperature  is 
lowered  the  absorptivity  increases,  gradually  developing  the 
sharp  absorption  edge  at  about  12  meV.  At  4  K  the  absorp¬ 
tion  IS  fairly  constant  between  75  and  200  meV  but  a  sharp 
notch  is  observed  at  260  meV.  Hillebrands'’  has  attributed  a 
feature  in  this  energy  region  at  300  K  to  the  spin-orbit  split 
multiplet  transition  at  270  meV. 

A  phenomenological  model  which  includes  resonant 
scattering  of  conduction  electrons  from  a  level  near  the  Fer¬ 
mi  energy  has  been  proposed  to  account  for  the  anomolous 
absorption  at  low  temperatures.  The  resonance  effect  can  be 
modeled  by  replacing  the  electron  scattering  rate  i/rg  in  the 
Drude  model  with  an  energy-dependent  rate 


FIG.  3.  Fit  of  the  resonant  scattering  model  to  the  absorptivity  of  CePd ,  at  4 
K.  Data;  solid  curve:  fit:  dotted  curve.  The  fitting  parameters  are  listed  in 
Table  I. 


- =  —  + - - .  (2) 

r(ty)  Tg  Tuo  —  Eg-^  iF 

This  functional  form  produces  a  peak  in  the  absorptivity 
near  Heo  =  Eg.  This  model  is  described  in  more  detail  in  Ref. 
4. 

Figure  3  shows  our  best  fit  with  the  fitting  parameters 
listed  in  Table  1.  The  model  fails  in  two  ways.  It  is  not  possi¬ 
ble  to  fit  both  the  sharp  onset  at  12  meV  and  also  the  more 
rounded  maximum  in  the  absorptivity.  Also,  and  more  im¬ 
portantly,  inspection  of  Table  1  shows  that  the  contribution 
of  the  resonance  to  the  dc  resistivity  )  increases  the  resis¬ 
tivity  to  1 50  pSi  cm,  far  above  the  observed  value  at  4  K  ( 1 2 
pfl  cm)  and  near  the  maximum  resistivity  for  CePd,  of  170 
pO  cm  at  130  K.  Also  shown  in  this  table  are  the  parameters 
obtained  from  the  earlier  cavity  measurements  o\er  a  re¬ 
stricted  frequency  interval.  The  fortuitous  agreement  forpj^, 
has  lent  support  to  the  resonant  scattering  model. 

In  conclusion,  at  the  lowest  frequencies  measured,  the 
absorptivity  agrees  with  Drude  model  predictions  but  at  the 
larger  far  infrared  frequencies  the  temperature-dependent 
anomaly,  which  is  characterized  by  excess  absorption  at  4.2 


TABLE  I  Parameters  uf  tlic  lesonanl  seatiering  model  tits. 
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K,  is  stronger  and  extends  to  larger  energies  1-200  meV) 
than  extrapolation  from  earlier  cavity  measurements  would 
suggest.  Theoretical  mixed  valence  models  must  now  ac¬ 
count  for  an  excess  absorptivity  w  ith  a  sharp  onset  at  12  meV 
that  continues  up  to  200  meV. 

The  work  of  B.  C.  Webb  and  A.  J.  Sievers  has  been 
supported  by  NSF  Grant  No.  DMR-8 1-06097  and  AFOSR 
underGrant  No.  AFOSR-8 1-012 IF.  The  work  ofT.  M.  Mi- 
halisin  has  been  supported  by  NSF  Grant  No.  DMR-82- 
19782.  This  is  Cornell  Materials  Science  Center  Report  No. 
5418. 
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M.  B.  Maple iNorth-Molland.  Amsterdam.  1981). 
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7.0-8.0xI0'*cm^/V«sec  at  77K  with  carrier  densities  of 
0.8- 1.0x1  O' ’em  -.  The  temperature  dependence  of  the  mobility 
below  77K  is  sensitive  to  growth  conditions  such  as  transient  time 
from  GaSb  growth  to  InAs  growth  (or  reverse)  or  growth  tempera¬ 
ture.  This  suggests  that  the  electron  scattering  is  due  not  only  to 
residual  impurities  but  also  to  roughness  and/or  alloying  at  the 
InAs/GaSb  interface.  The  difference  with  respect  to  the 
Ga.As/AlAs  system  may  arise  from  the  relatively  large  lattice 
mismatch  between  GaSb  and  InAs  as  well  as  between  GaSb  and 
the  GaAs  substrate. 

•Sponsored  in  part  by  ARO  Contract. 

11  36 

AE  14  2DEG  In  I n .;,Ga n.  uvAs/lnP  Heterostructures  Grown 
by  Atmospheric  MOCVOrT.  0.  ZHU,  P. 'S'ULTVSKI ,  k.'  T.'  C'HAIt. 
J.  M.  SaLLAHTYNl  and  A.  J.  SIEVERS,  Cornell  U.*--We  have 
fabricated  In j. ^jGa g. ^^As/InP  heterostructures  by 
the  method  of  metal  organic  chemical  vapor  deposition 
(HOevo)  at  atmospheric  pressure.  These  structures  con¬ 
sist  of  a  0.7  lilt  thick  n-type  InP  layer,  a  3.5  un  un¬ 
doped  In,.  jgGa 47AS  layer  and  a  0.3  i/tt  n-type  InP 
cap  layer  sequentially  grown  on  a  seml-fnsulating  InP 
substrate  using  ICHjlgln  and  (CH.ljGa  as  In  and  Ga  sour¬ 
ces.  The  electron  mobility  (cmvVs)  at  300  K  and  3  K  is 
11,600  and  82,000  respectively,  with  a  maximum  value  of 
90,000  at  50  k.  The  temperature  dependence  confirms  the 
two  dimensional  electron  gas  (2DE(i)  character  and  the 
low  temperature  values  are  about  2.9  times  larger  than 
those  prevl.usly  reported.*  The  combined  sheet  density 
for  the  two  Interfaces  Is  2.7x10  *‘/cm7  at  4  K.  Far 
Infrared  cyclotron  resonance  measurements  indicate  that 
n*/ms0.044  for  this  2DEG.  The  measured  llnewldth  of  1 
reV  is  in  reasonable  agreement  with  the  relaxation  time 
determined  from  the  mobility. 

•Supported  by  AFOSR,  NRRFSS  and  MSC  at  Cornell  U. 

'h.  P.  Hei  et  al.,  Appl.  Phys.  Lett.  45,  666  (1984). 


11.48 

■AE  15  Electronic  Specific  K-cat  in  r.xTis /GjAIAs  ^talti- 
Ijvers.  E.  OORJTK,  R*.  LASU.’IG,  G.  STfL’iSSER,  Inst,  of 
£S<p.  Physics,  LSiiv.  of  Innsbruck,  Austria.  — We  report 
the  observation  of  the  magnetic  field  dependent  elec¬ 
tronic  specific  heat  in  GoAs/CaAIAs  multilayers.  Sarples 
with  172  and  94  double  layers  of  200  A  CoAs  and  200  a 
GiAlAs  with  nobilities  of  AOOOOcm'A's  and  80  000  cm'' /Vs 
respectively  'were  investigated. 

The  terperature  change  of  the  10  -  20  um  thick  saiples 
was  measured  with  a  evaporated  Au-Ge  fUm.  The  tlierral 
isolation  was  achiev'ed  by  thick  superoonduetbrng 

wires.  A  t.'i-Cr  tibn  of  100  A  thicl.ne.ss  was  used  as  a 
heater. 

Cscillations  of  t.he  sample  tenperatu-e  in  the  order  of 
rk  were  observed  as  a  tuncmicn  of  tl’.o  rvwnetic  field. 
Doth,  bntra  level  and  inter  Iundau  level  contributions 
are  observed.  Theoretical  fits’to  the  data  reveal 
evidence  fer  a  G.iussian  dinsity  of  st.itcs  with  a 
ccnstint  background  density,  for  both  ninples  a  tack- 
grcu.".d  density  of  25  %  was  found.  For  the  higher 
nebility  sample  a  Gaussian  width  of  2.0  meV,  for  the 
lower  .'cbility  sample  a  width  of  3.0  .mi-V  war.  determined. 
*W.  Zawadiki,  R.  Lassnig,  Solid  State  Coiamn.  537 
(1984).  “ 
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AE  16  Interfacial  Ofsorder  and  Electron  Transport  in 
a  Super!  attTce,  N.  TRTvEOT  and  N.  W.  ASHCROFT,  Cornell 
UT"--«e  sfuHy  the  effects  of  Interfaclal  disorder  orl 
eTectron  transport  In  a  superlattice.  The  Interfaces 
between  superlattice  constituents  are  modeled  as  a  per¬ 
iodic  array  of  sheets  In  which  the  scattering  centers 
are  disordered  with  no  correlation  between  sheets.  By 
choice  of  field  direction,  the  scattering  effects  can 
be  separated  Into  boundary  scattering  and  junction 
transport  components.  A  combination  of  standard  linear 


response  and  diagrammatic  methods  have  been  used  to 
derive  the  corresponding  conductivity  tensor  for  the 
weak  scattering  case.  The  results  are  Investigated  In 
detail  for  their  sensitivity  to  the  degree  of  correla¬ 
tion  between  the  scatterers  in  a  single  sheet. 

•Supported  by  the  Semiconductor  Research  Corporation 
under  contract  #82-11-001. 
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9:00 

AF  I  Growth  of  BgCdTe  aiwt  Other  Hg-B—ed  FIT—  end  Holtl- 
leycre  by  Molecular  Been  Epltery*,  J.W,  COOK,  JR.,  K.A. 
HARRIS,  AND  J.F.  SCHETZINA,  N.C.  State  Unlverelty — Growth 
of  HgCdTe  and  other  Hg-based  films  and  multllayere  by  HBE 
presents  special  problems  because  of  Che  high  vapor  pres¬ 
sure  and  small  sticking  coefficient  of  Hg.  At  NCSU,  we 
have  designed  and  constructed  an  MBE  system  specifically 
for  growing  Hg-based  materials.  The  system  consists  of  s 
main  IJHV  chamber  with  provisions  for  seven  MBE  effusion 
sources  with  computer-controlled  shutters,  a  UHV  load- 
lock  for  introducing  and  retrieving  samples  from  Che  main 
chamber,  and  a  preparation  and  analysis  chamber  featuring 
a  substrate  preheat  station  (up  to  1200  C),  a  sputtering 
station,  an  lai  situ  metallization  station,  and  a  back 
reflection  LEEO  facility.  The  Hg  MBE  source  is  designed 
for  high  temperature  stability  (+0.1  C  at  200  C)  and  may 
be  refilled  without  disturbing  Che  UHV  ambient.  The 
system  has  been  successfully  employed  to  grow  state-of- 
the-art  CdTe  epilayers  on  CaAs  substrates.  Results  of 
Initial  HgCdTe  film  growth  experlmenta  will  also  be  pre¬ 
sented  and  discussed. 

•Work  supported  by  DARPA/ARO  contract  DAAG29-83-K-0102. 
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AF 2  High  Resolution  Electron  Microscope 
Studv  of  Eoitaxiai  CdTe-ijaAs  in  ter  faces* 

FfTOTSOKA" . r.~A'.“VT3rro2TEJSKT.  R.  L.  GUNSHOR , 

and  S.  DATTA,  Purdue  U.**  and  R.  N.  BICKNELL, 
and  J.  F.  SCHETZINA,  North  Carolina  State 
U,***--CdTe  films  have  been  grown  on  (100) 
GaAs  substrates  with  two  different  epitaxial 
interfaces:  (lll)CdTe | | (lOO)GaAs  and  (100) 
CdTe I  I ( 100)CaAs .  High  resolution  electron 
microscope  observation  of  these  two  types  of 
interfaces  was  carried  out  in  order  to  in¬ 
vestigate  the  role  of  the  substrate  surface 
microstructure  in  determining  which  type  of 
epitaxy  occurs.  The  interface  of  Che  former 
type  shows  a  direct  contact  between  the  CdTe 
and  GaAs  crystals,  while  the  interface  of  thg 
latter  tvne  has  a  very  thin  oxide  laver  ('vlOA 
in  thickness) between  the  two  crystals. 
*Submittcd  by  R.  L.  Gunshor 
**SupDorted  bv  Office  of  Naval  Research 
Contract  016-82-K-0563  and  the  NSF-MRL 
Program  under  Grant  DMR-33-16999 , 

***Supported  by  NSF  Grant  DMR-83-13036  and 
DARPA/ARO  Contract  DAAG  29-83-K-0102 . 


9  24 

AE  3  Mol  t-.-'il.Ti-  Ciutaxy  c!'  ’.'.ni -x  Mrix  Sc.  L.  A. 

KOl.JbZIEJGKl,  M.  k.  GUO,  f.  C.  liOll.kETT,  R.  L.  GUNSHOR, 
S.  PAITA,  H.  B.  BYLS.MA.  W.  M.  BECKER  AND  N.  OTSUKA, 
Purd'jo  u.» — Epit.Txial  .single  crystal  thin  ril+.s  of  the 
diluted  m.ignctlc  semiconductor  Zni_)(MnxSe  have  been 
grown  by  moiecul.ir  bean  epitaxy  on  GaAs  substrates. 
V.ar’ious  Mn  compositions  have  been  grown  with  varying 
growth  rates  and  substrate  temperatures.  rhotolumine- 
scence  I  PL)  spectra  of  MBE  flirts  show  fewer  impurity- 
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SESSIONUU:  COMPOSITES  I 
Tuesday  morning,  26  March  1985 
Room  305  at  9:00 
D.  Tanner,  presiding 

QOO 

DH  I  Effective  **edxu»  l^odel  of  Cernet  Fil»s  with 
Lar^e  Pocking  Fractions.  D.  E.  A5PNES,  Bell  Co»- 

iur.:.:at  ions  Fesearch,  Inc.,  Hurray  Hi  1 1 . --Recently  re- 
portec*  ootical  properties  of  therselly  evaporated  Rh 
fxlns  cannot  be  understood  by  standard  effective  sedius 
approacnes,  but  can  be  described  by  the  approxinate  ana¬ 
lytic  solution  of  a  setal-rich  cerset  aicrostructure 
consisting  of  rectangular  *etai  blocks  coated  with  insu¬ 
lating  filss.  The  solution  becomes  exact  in  the  iiait  of 
vanishing  insulator  packing  fraction  and  can  be  used  to 
derive  an  effective  medium  expression.  This  expression 
16  shown  to  be  equivalent  to  the  Maxwell  Garnett  model 
with  the  insulator  acting  as  the  host  phase.  Since  this 
resu.t  IS  valid  even  in  the  limit  of  zero  insulator 
pacKir.g  fraction,  the  model  establishes  that  connectivi¬ 
ty,  not  relative  volume  fraction,  is  the  physical  proper¬ 
ty  determining  the  identity  of  the  host  phase.  The  model 
also  establishes  that  the  host  dielectric  function,  the 
generalized  coordinate  representing  connectivity,  is 
•gjiva.ent  in  importance  to  the  screening  and  relative 
vol-*e  fraction  parameters  in  determining  the  dielectric 
prcpert.es  of  heterogeneous  media. 

P.  flrndt  et,  al.,  Appl.  Opt.  3571  (1984). 


^  •••!■■<  r  i  t’  1  •  r :  c  ?«.■*=? t  ve  m f  yo  I  ?d  r t  i  c  1  e 
iJ.itro'jJ,  Tlno  '.hio  Scdco 

'  *^1  ••  T' : V.  --  W.'  inrr.viK'e  a  su  I  5-consis  ten  c  theory 
f.j.  .  ,,  iicloctric  ^€sp.^•.',se  of  clusters  of 

•••vii  oar :  i :  I  L‘5  .  The  theory  is  based  on  the 
a  :y-n  th.at  the  clusters  have  fractal  dirension- 

J 1  ,  I'i  :o  a  cubic  equation  for  the  effective 

■  '-v  ,i:e!tcCric  function,  '•''hen  applied  to  clusters 

<'f  ".ill  -etui  ;a.'‘:icles  in  an  insulatin:;  host,  '-ith 
r^'  i  r  r  lc  a r  5;u-'o : : nn s  about  cluster  size  and  fractal 

t:..'  trecrv  predicts  a  far  infrared  absorption 
per  :r.ir  ■.•-■'lu-u  of  “ecal  vastly  in  excess  of  the 
c'rr.  .n.'-oli:  prudi.tlon  of  the  l-'-U'C-e  1 1 -Game t c 
arrr  x i  -.i t  ion  .  An  eni-anoeJ  absorption  duo  to  eddv 
c.r’'*'-^:^>  IS  il:'.'  preJict-’J.  Tl-.c  possibility  that 
tbe  t’u-f-rv  explui:’.i;  the  ancralous  far  infrared 
absorotion  obsor.-od  in  cor-posite  materials  is  , briefly 
d: ' : sf'd  . 

"'■■rK  supported  by  h'SF  throuith  t;rant  D>CK  8I-14S42 
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CIHTIN 


W,  /\SHCROKT, 


Cvfm/ii  (■'■  -Our  theory  for  the  anomaious  far-infrared  absorp¬ 


tion  in  normal  and  superconducting  metal  particle  composites 
•grees  nith  the  data  on  Sn.  The  theory  assumes  the  compo¬ 


sites  to  consLsl  of  metal  particle  clusters.  The  effective  dielec¬ 
tric  constant  ((p  .,o)  =  ('(p  ,uj)  +  i  «"(p  ,u'}  of  a  cluster  is  calcu¬ 
lated  for  a  model  cluster  with  fractions  p  of  metal  particles 
and  |l-p)  of  electrically  isolated  (coated  metal)  particles.  The 
electric  dipole  absorption  of  a  cluster  depends  on 

and  so  the  composite  absorption  is  dominated 
by  clusters  with  a  condition  satisfied  at  p  for  which 

<"(p  -)•  *  (-■)  "^be  model  composite  absorption  is  thus 

rriurh  larger  than  that  predicted  by  isolaUni  particle  theories. 
The  Urge  absorption  i.s  a  general  result  of  the  cluster  assump- 
independent  of  the  model  employed  to  calculate  ((p.w) 
The  anonislous  superconducting  absorption  results  from 
«*'  (<'*  being  l.irger  in  the  superconducting  state  than  in 


Ihe  n(>rmal  state  at  frequencies  above  the  gap  frequency. 


Supported  by  the  Materials  Science  Center  at  Cornell 
^Diversity. 


9  36 

^1^  **  Infrared  and  Optical  Studies  of  Small  MeCal 
Particles,  Y.H,  KIM  and  D.B.  TANNER,  University  of 
Florida. — Measurements  of  the  absorption  in  ftas- 
evaporated  Al  and  Ag  particles  have  been  made  over 
frequencies  between  the  far  infrared  (8  cm”  or  1  meV) 
and  the  visible  (35000  cm"*  or  A, 3  eV).  The  particles 
had  radii  of  order  100  A  and  were  supported  in  KCl  or 
parrafln  host.  In  accord  with  previous  studies,  the 
far-infrared  absorption  was  larger  than  theoretical 
estimates.  The  Al  particles  had  a  broad  absorption 
maximum  at  900  cm”^  which  could  be  modeled  as  due  to  a 

10  A  thick.  Al.,0.j  surface  layer.  Above  this  frequency 
Che  absorption  was  substantially  smaller;  at  higher 
frequencies  there  was  structure  due  to  an  interband 
transition  in  Ai  metal.  The  Maxweil-CarneCt  resonance 
was  observed  in  very  dilute  Ag  composites  at  24000 

cm  (3  eV). 


948 

DH  5  Optical  Propcrtle*  Metel-Iotnlator  6 oj pen* ions,  V. 

A.  DAVIS,  Brancteis  U.  and  L.  SCHWARTZ,  Schlumberger-Doll 
Research.  —  Rotb's  effective  medium  approximation  (EMA)*, 
a  self  consistent  multiple  scattering  method,  is  used  to 
calculate  the  dielectric  response  of  a  system  comprised  of 
independent  metallic  grains  embedded  in  an  insulating  host 
material.  In  particular,  we  consider  Ag  spheres,  described  by  a 
Drude  model,  and  a  geletin  host  with  2.37  .  Our  aim  is  to 
show  that,  as  the  packing  fraction  of  the  grains  is  varied,  a 
reasonable  picture  of  the  resonance  structure  in  t^giu) 
emerges  naturally  from  a  theory  of  sinicturally  disordered 
composites.  In  Ibis  regard  our  calculations  will  be  compared 
with  the  results  of  the  quasicrystaJline  approximation  (QCA)^ 
and  a  recently  proposed  lattice-gas  model.^ 

•  1.  Roth,  Phys.  Rev.  B9,  2476  (1974);  V.  A.  Davis  and  L. 
SchwatU,  Phys.  Rev,  (submitted). 

L.  Tsang  and  i.  A.  Kong,  J.  Appl.  Phys.  SS,  7162  (1982). 

^  A.  Liebsch  and  P.  V.  Gonzalez,  Phys.  Rev.  B29,  6907 
(1984). 


10:00 

DH  6  Observability  of  Quantum  Size  Effects  in  Small 
Hetal  Particles  by  Absorption  Spectroscopy.  R.P.DEVATY, 
U.  of  Pittsburgh,  andA.J.  SIEVERS,  Cornell  U.*  —  The 
Gor' kov-El iashberg  model  for  far  infrared  absorption  by 
small  metal  particles  is  reexamined.  Although  the 
oscillations  in  the  absorption  coefficient  signifying 
discrete  levels  are  washed  out  by  the  size  distribution 
for  presently  available  samples',  nonquadratic  frequency 
dependence  persists  below  the  mean  Kubo  gap.  For  a  log 

O 

normal  distribution  of  20A  diameter  Au  particles  with 
0=1.2,  the  crossover  to  a  nonquadratic  asymptote  should 
be  observable  in  the  far  infrared  (2-100  cm"*).  The 
crossover  is  broadened  by  the  size  distribution,  but 
the  low  frequency  asymptote  is  obtained  in  the  very  far 
Infrared  or  microwaves  even  if  o=1.6.  The  prediction  of 
greater  than  quadratic  low  frequency  asymptotes  provides 
the  possibility  of  an  experimental  test  for  quantum  size 
effects. 

*R.P.  Devaty  and  A.J.  Sievers,  Phys  Rev.  B22,  2123(1980). 
-Supported  by  the  NSF  under  Grant  ‘iDMR-81-05'097  and  the 
Air  Force  under  Grant  lfAF0SR-81-0121B. 


10 1; 

DH  7  Thr_  Fnr-infrnrrd  Absorption  of  Small 
Silvi-r  Pnrtn-tfs  l.»  Sung-ik  Lee,  Tae  Won  Noh, 
Kevin  Cumraings,  J.  R.  Gaines,  The  Ohio  .State 
University.  A  new  insulating  host,  teflon,  was 
used  to  Measure  the  far-infrared  absorption  of 
siasll  silver  particles.  The  silver  particle 
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17.30 

£114  Static  Phonon  Dresslni*  of  Sine-Cordon  Solitons 
on  a  Slscrete  Lattice.  P.  STA-NCIQFF,  S.  BURDICK.,  C. 
WILL13  ,  and  M.  LL-BAi  ANOUN'Y  ,  Boston  U.  * — The  modifica¬ 
tions  incurred  upon  a  continuum  stationary  Sine-Cordon 
toliton  due  to  the  discreteness  of  the  underlying  lat¬ 
tice  are  treated  in  terns  of  a  static  phonon  dressing 
on  tne  continuum  solution.  The  results  are  compared 
ultn  those  obtained  from  molecular  dynamics  computa¬ 
tions  perromed  bv  us  and  similar  calculations  for  11“ 
golf  tons  published  recently.^  Our  method  of  computa¬ 
tion  has  been  outlined  previously.^  On  the  basis  of 
the  phonon  dressing  picture  we  identify  and  discuss 
the  sources  of  these  modifications.  Dynamics  related 
quantities  such  as  the  Peierls-Nabarro  barrier  and 
the  soilton  pinning  frequency  are  calculated  and  their 
correi.itlon  with  the  phonon  dressing  established.  Fin- 
allv,  the  importance  of  the  present  study  for  future 
treatment  of  discreteness  related  dynamical  effects 
Is  pointed  out. 

•Supported  bv  DOF  Contract  ';'DE-AC02-83ERb5029. 

*0.  .^cidrew  Combs  .and  Sidney  Yip,  Phys .  Rev.  B28,  6823 

*K.y.  Ihirtini,  S.  Burdick,  M.  El-Batanouny  and  G. 
Flrtcenow,  .^'hys .  Rev.  3  30,  s92  (1984). 


r  i: 

El  15  First  SEW  Observation  of  Surface  Reconstruction  on 

»nso) ■  Q.M.  r;ffe,  l.  m.  hanssen  ana  a.  j.  sievers, 

Ccrnell  'J.*--ke  have  studied  the  effects  of  Hj  and  Qj 
adsorption  on  the  transmission  of  Surface  Electromagne¬ 
tic  kaves  (SEW's)  on  H(IOO)  in  the  lOu  region.  LEED  and 
thermal  desorption  have  been  used  to  characterize  the 
Surface.  Large  changes  in  transmission  are  observed  for 
coverages  smaller  than  saturated  coverage  (e=l).  As  a 
function  of  9  the  signature  of  this  effect  at  all  fre¬ 
quencies  studied  from  686  cm-'  to  1060  cm*'  is  as  fol¬ 
lows:  Initially,  H,  or  Oj  adsorption  increases  the  SEW 
transmission  to  a  sharp  maximum  at  9=0.21 t. 02  (e.g.  for 
Hj  at  997  cm-',  a  16%  increase  from  9=0  level).  But 
with  further  adsorption  the  transmission  decreases, 
passing  through  its  initial  value  at  9=0.33f0.03  and 
reaching  a  broad  minimum  at  0=0.62:0.05  (13%  decrease 
from  9=0  level).  The  signa)  then  rises  until  9=1,  but  a 
net  decrease  remains  (5.7%).  Dramatic  effects'  have 
been  observed  with  a  variety  of  experimental  probes  at 
9=0.2  where  LEED  studies  show  a  transition  from  a  split 
c(2x2)  pattern  to  a  streaked  c(2x2)  pattern.  Our 
measurements  demonstrate  that  this  is  also  the  case  with 
SEW's. 

'Supported  by  AEOSR  and  NSF. 

'O.A.  King  and  G.  Thomas,  Surf.  Scf.  92  (1980)  201. 
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14  30 

EJ  I  First  Principles  Invnstiqation  of  Location  and 
Electronic  Structures  pt  BronTie  .'tnnis  T  Iv misjrp ed  on 
Sidlll  Surface.  S.M.  MUHAPAIRA,  N.  SAHOO,  K.C. 
MISHRA,  B.N.  OEV,  W.M.  GIBSON  and  T.P.OAS, 
SLNY/AL  BAN  Y .—Self -consistent  Field  Hartree-Fock 

Cluster  investigations  have  been  carried  out  for 
bromine  atoms  chemisorbed  on  SUlll)  Surface  using  5, 

14  and  27  atom  clusters.  The  Si-Br  bond  lengths  were 
determined  through  minimization  of  the  total  energy  gf 
the  clusters.  Our  calculations  yield  2.21  S  and  2.23  A 
respectively  for  Si-8r  bond  lengths  in  SiH.Br 
molecule  and  the  bromine  atop  .adsorption  '^site  on 


silicon  (111)  surface  in  excellent  agreement  with  the 
corresponding  T  experimental  values,  of  2.2108  for  the 
molecule  and"-  (2.22+0.0 1)S  and'^  (2.17  +  0. 04)A 
for  surface.  Predictions  have  also  been  made  for 

the  8r  nuclear  quadrupole  coupling  constants  and 
the  local  density  of  states  for  the  chemisorbed  system. 

1. C.  Newman  et.al.,  J.  Chem.  Phys.  25  ,  855  (1945). 

2. G.  Materlik  and  J.  Zegenhagen,  'Pliys.  Lett.  104A,  47 
(1984). 

3. H.J.  Bedzyk  et.al.,  J.  Vac.  Sci.  Technol.  20  , 

634(1932).  ~ 


14  42 

EJ  2  Self-Consistent  Pseudofunction  Method 
Calculations  of  Band  Structure  rot  Si  Surtaces.*  D.  D. 
CHAMBLISS  and  T.  N.  RHODIN,  Cornell  U..  R.  V.  KASOWSKI 
and  M.-H.  TSAI,  E.I.  duPont. — The  se I (-consistent 
pseudofunction  method  for  thin-filra  band  structure 
calculations  is  presented  in  terms  of  its  appl icabi 1 ity 
to  the  surfaces  of  semiconductors.  This  method  is  a 
significant  improvement  on  the  SCF-E.MTO  method^  in  that 
the  basis  functions  contain  accurate  radial  solutions 
well  beyond  the  muffin-tin  radius.  Energy  bands  from 
self-consistent  calculations  on  ideal  4-layer  and  8-layet 
SKllll  and  Si(lOO)  films  are  presented  and  compared  with 
pseudopotential-method  results. 

•Supported  by  NSF  DMR  8217227-AOl  and  NSF  DMR  8303742. 

‘r.  V.  Kasowski  and  M.-H.  Tsai.  Phys.  Rev.  B29,  1043 
1  1984). 

M.  Schluter,  J.  R.  Chelikowsky,  S.  G.  Louie  and  M.  L. 
Cohen,  Phys.  Rev.  B_12>  4200  (  1975  ). 

14:54 

Ei  3  Surface  Stoics  of  Cleaved  I )  1  )  1  )u  and  (ie  Observed  by 
Tunneling  T  PENNFN .  W,  A  IHONU'Sds;,  and  K  M  KOCH  IHM 
Yorkiosvn  Heieiiis.  S' Y  -Clean  inierfjcial  surfaces  of  ciiher  degenerate¬ 
ly  doped  Si  or  tie  base  been  prepared  hy  deasing  Kars  under  liquid  He 
The  bar  is  spring  loaded  so  that  after  cleaving,  the  freshly  prepared 
interfacial  surface  remains  in  coniacr  producing  a  honiO)unction.  The 
double  Schottly  b.irrrefs  at  the  ele.ived  jnierlace  which  naturally  occui 
due  lo  charge  exchange  between  the  bulk  and  surface  st.ires  deep  in  ihe 
gap  scrye  as  rfie  lunnehng  barrier  We  have  observed  very  sharp 
(<lmV)  structure  in  rhe  tunneling  resislance  spectra  exiending  several 
tens  of  mV  m  bias  voliae;  This  slrueiure  is  symmcinc  for  a  given 
sample  but  differs  in  detail  from  sample  lo  sample  This  structure  is 
consisienl  with  a  model  in  which,  with  increasing  bias  voltage,  surface 
states  iniiiallv  ab.ive  the  I'ermi  energy  are  succcssisely  filled  As  each 
stale  IS  filled,  the  added  charge  ai  ihe  inieclace  inhibits  the  tunneling 
current  nearby. 

15  06 

EJ  4  Suriace  Electronic  Structure  oi  51(111)7x7  and 

Si(l  1 1)y  3x  v'  3:  A I  iro  m _ A  n  3  lo-Rc  s  o  Ivod  Photoom  1  ssion . 

R.  I.  G.  UHRBERG’,  G.  V.  HANSSON  and  J.  M.  NlCHOLLS, 
Linkopinq  Inst,  ol  Techn.  -  The  Si(l  11)7x7  suriace  has  three 
suilace  states  at  -  0,2  eV  (S1),  -  0  8  eV  (52)  and  -  1.0  eV  (S3) 
below  EF.  In  the  present  wprk  we  report  a  dispersion  of  -  0  3 
eV  for  the  S3  suriace  state  in  the  ixl  suriace  Brillouin  zona 
(SBZ).  The  Si(I11)v^3.x/3:AI  surface  is  found  to  have  similar 
electronic  structure  lo  Si(1 1 1)7x7,  The  mam  ditierence  is  that  the 
S2  suriace  state  is  missmg,  while  we  find  two  surface  states,  At 
and  A3,  qualitatively  similar  to  the  Si  and  S3  Surface  states.  A3 
has  higher  emission  intensity  and  a  larger  b.Tndvvidih  (-  0.G5  eV) 
compared  to  S3.  The  otasorved  dispersion  for  A3  follows  the  Ixt 
SBZ  instead  of  the  expected  ^3x^3  SBZ.  A  recent  calculation 
p)  of  the  surface  state  bands  for  Si(l  1 1)  vf  3x  v' 3.AI  shows  two 
liHed  suriace  state  bands  m  the  enerviy  region  where  A3  is  found. 
These  calculated  bands  are  consistent  with  the  cxpermienlal 
results  if  one  assumes  that  only  one  band  at  a  time  is  observed 
in  photoomission. 

'Present  Address:  Xerox  Palo  Alto  Res.  Ctr. 

1.  J.  E.  Northrup,  Phys.  Rev.  Lett.  53,  683  (1004) 

+  *Subniitted  bv  R.O.  Brinn.ms 
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is  there  evidence  ior  separate  faLncst  resolvei}  "••hite 
lines"  in  the  spectra  rer.iniscent  o:'  the  core-level 
spectra  v:)i'  rare  earth  rr.ixci-valent  materials,  .-erupts 
on  interr.etallic  compounis  of  the  term:  I’-'l,  'IT-.,  IT, 
a.ni  I'l'c, ^ vhc:'e  .=  3i,  -.1  an:  transition  m.ctais;  ana 

com.pcur.ls  were  X  =  .o.le,  Al,  .li,  la,.'.-.,  ano  Tl. 

In  particular  all  oi'  the  'J-heavy-*.'err.i  :n-„  erco.n  iuettrs 
•  ill  he  covered,  nvile.-.ce  :’cr  valence  c.na.n.'es  ana  of 
bar.  iviith  chanres  in  selected  cc:tr..  ur.u  series  will  te 
ii.::uasei  alon.c  vith  exrerim.er'.tal  I'ir’.ite  ratical  thich- 


.:upportei  by 


:’rant  nu.m.per  l.o-r'tOh- 


15. Oh 

NJ  d  The  Effects  of  Diluting  ^ixed  Valent  Ce  Systens 
with  1 ,  l^a,  Lu  and  Th.  T.flHALISI.V,  R.  S|LIM,  Temple  uT* 
Y.  S.  CHAUG  and  R.  D.  PARKS,  New  York  U.  —  The  effect 
of  diluting  Ce  with  Y,  La,  Lu  or  Th  on  the  valence  of  te 
in  mixed  valent  compounds  has  been  investigated  via  L.t. 
absorption  measurements.  The  effects  of  dilution  by 
Th  has  been  determined  for  CeRh-,  CeRu,,  CeNi,  and  CePd,. 
In  all  cases  Th  decreases  the  valence  Bf  Ce  except  in 
the  case  of  CeRh-  where  Ce  remains  at  the  saturation 
valence  value  of'S.?.  The  effect  of  La  dilution  of  CeRu- 
is  also  to  lower  the  Ce  valence.  The  effects  of  Y  dilu¬ 
tion  in  CeNi,  and  Lu  dilution  in  CePd,  and  CeRh^  have 
also  been  determined.  These  results  along  wi th'^comple- 
mentary  i nves t ioa t i ons  ty  others  will  be  discussed  in 
terms  of  electron  counting  and  lattice  pressure  effects. 

*  Suooorted  by  ‘ISF  D?''R-82I97S2. 

“Supported  by  NSF  0MR-H2D2726. 
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NJ  IM 


Absorption  'tufies  of  Cp(*.'i  .■'.mi , 


(Ce.Y'- 


i!:'.':  h.  j.  ang  :.  riih.v  ihiirT' 

J'l-'jll  sEMY  and  CROFT,  Rutoero  U.--  L,,,  ab- 

sorp'titn  reasuremeots  of  CeVi^  and  related  pseudo-lblnar- 
ies  'eyii  ,Co ,  (Ce,Y;‘.i.,  and  (Ce,Y)Cop  r.jve  been  made  in 
order  to  de thimine  the  valence  of  Co  and  how  it  is  al¬ 
tered  by  tu.os  t  i  tut  irg  Co  for  Ni  or  Y  for  Ce.  Xe  find 
that  the  valence  incrp.ives  as  one  -oves  “'rem  Ce‘ii2  to 
Cei’.i  tCo  ...la  or  from  to  Ce  ^2'’.  Iv'' 2  And  saturates 

at  about  toe  same  value  in‘'both  cases.  On  the  other  hard 
the  substitution  of  Y  ‘'or  Ce  in  CeCo-,  (i.e.,  Ce.  Y^CP2; 
does  not  tn.irue  the  valence  of  Ce  which  is  already 
at  ‘be  saturation  value  (in  pure  CeCOn).  These  results 
will  be  Lb-pared  to  recent  studies^  6f  the  behavior  of 
ther-odyr.imi c  propert I es  in  these  systems. 

•Subperted  by  (.CF  "','I?7'.'2. 

1.  E.  •‘■r;.;n,.u  a ,  ).  Timlin  and  T.  fihalisin,  J.  Mag.  Mag. 
■'■at.  J7  ar.djfC,  (1985). 


15  .'0 

NJ  1 1  L'’ (fT!-' ^ 7r(  Pf  .Oh  1 1  anyJ  (lOjc^tel  Pseudo-b i n,ir- 

im'  Cjllll  lot  1  e t nava  1  e-t  f e r i urn ;  A.  >iAax:i‘;,  r.  5E1  j’l 
and  T.  Mi'lALlSI’i,  T emp I e  The  upper  limit  of  the  va¬ 

lence  of  Ce  remains  a  controversial  issue.  The  valence 
determined  by  Ljjv  absorption  never  exceeds  a  "saturation" 
value  of  3.2  to*3.*3.  Wo  are  able  *0  predict  the  mixed 
va  1  en t- tri va  1  en t  and  mixed  va lent- "satur.i ted"  valent  bor¬ 
der  concentrations  for  Ceirj.Rhln,  Cei Fd ,7'.; ' .  and  (Ce,M) 
Pdi  with  M  =  La,  Y,  Sc,  and  Th,  if  we  assume  that  the 
saturation  valence  value  is  -1  and  that  cai.n  electron 
added  via  alloying  is  added  to  the  Ce  ions.  This  pre¬ 
diction  is  based  on  the  concept  put  forward  by  Harris  and 
coworkers*  that  in  this  system  the  CiijAu  structure  is 
stable  only  up  to  a  maximum  number  of  electrons  per  cell. 
Cfi’di  and  the  related  pseudo-binaries  listed  above  form 
the  only  system  far  which  the  model  gives  accurate  pre¬ 
dictions.  This  may  be  due  to  the  f  electron  density  of 
states  far  exceeding  that  of  the  d  electrons  in  Lobd.  but 
not  in  other  systems  such  as  CeNi-,  CcRh-,.  etc. 

•SubPorfed  by  ‘.SF  DVR- R?  19 

1.  J.  M,  Pountney,  M.  Winterbottom  and  1.  R.  Harris, 
in:  Rare  Earths  and  Actinides,  IRT7i  cJ.  by  W.  D.  Corner 
and  B.  K.  Tanner,  The  Inst,  of  Phys.,  London  (1973)  p.35. 
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NJ  12  Measurement  of  the  Optical  Conductivity  of  CePd, 
from  0.3  to  500  meV.  B.  C.  WEBB,  and  A.  J.  BIEVERS, 
Cornell  U.*--the  far  infrared  reflectivity  of  CePd 3  has 
been  measured  by  optical  and  quasioptical  techniques  be¬ 
tween  4  and  300  K  over  the  range  0.3  to  500  meV.  These 
measurements  extend  the  energy  range  by  two  orders  of 
magnitude  over  that  previously  reported*  and  mao  out  the 
entire  spectral  region  of  the  low  temperature  absorptiv¬ 
ity  anomaly.  We  find  that  the  anomaly  is  too  large  to 
be  compatible  with  simple  conduction  electron  scattering 
off  a  resonant  levei  near  the  Fermi  energy.  The  real 
part  of  the  complex  conductivity,  which  is  obtained  from 
a  Kramers-Kronig  analysis  of  the  absorptivity  data  over 
a  large  frequency  interval,  is  dominated  by  two  fre¬ 
quency  dependent  features;  a  narrow  Orude  component 
which  shows  a  70  fold  decrease  as  energy  increases  to  3 
meV  and  a  broad  Lorentzian  component  centered  at  200 
meV. 

•Supported  by  NSF  and  AFOSR. 

*F.  t.  Pinherton  ct  al . ,  Phys.  Rev.  B  29,  609  (1984). 
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NJ  13  Electronic _ Structure  of  NiO  and  NiS.  G.A. 

SAWATZKY,  Univ.  of _ Groningf^,  J,W.  ALLEN  and  J.C. 

MIKKELSEN,  Xerox  Palo  Aito  Res.  Ctr.  —  Photoemission  (PES) 
ana  bremstrahlung  isoebromat  spectroscopy  (BIS)  data  on 
cleaved  single  crystals  of  NiO  and  NiS  are  presented  and 
compared  to  predictions  from  band  theory  and  from  a  local 
cluster  Green’s-function  approach  to  the  Anderson  Hamiltonian. 
In  contrast  to  band  theory  predictions*  the  band  gap  of  NiO  is 
found^  to  be  large.  -4.3  eV.  but  net  determined  soleiy  by  the 
even  larger  d  d  Coulomb  interaction  U~7-9  eV  which  separates 
the  d^  PES  and  the  d^  BIS  peaks.  Other  states  of  the  type  (d®- 
ligand  hole)  tall  inside  this  correlation  gao,  causing  the  charge 
transfer  (c  t)  gap  to  be  much  smaller  and  determined  by  the 
ctectronegabvity  ol  the  ligand.  We  expect  mixed  vaience  lor 
metallic  NiS.  I.e.,  that  the  c  t  gap  goes  to  zero,  but  that  U 
remains  large.  This  general  picture  appears  to  have  application 
to  the  syslomntics  ot  many  transition  metal  compounds,  as  will 
be  discussed. 

1.  K.  Terakura.  A.R.  Williams,  T.  Oguchi  and  J.  Kubler,  Phys. 
Rev.  Lett.  52,  1830  (1984). 

2.  G.A.  Sawauky  &  J.W.  Allen,  Phys.  Rev.  Lett  53,  2339  (1984). 
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NJ  14  SuAcnptibi  1  i  ty  Of  Ce,  B  System  with 

Strnngly  Varvifi'i  d-l  i  e'ctronSp'i'n^  FI  actuations  .  j.  TIMLIN 
and  T.  MIhAlISI'I,  Tc_“?J_e  9.*--  We  have  measured  the  sus¬ 
ceptibility  of  Coj.^Yj^COw'samples  with  x=0  to  1,  from  2K 
to  300K.  Large  variations  in  the  magnitude  of  the  sus¬ 
ceptibility  at  300k  are  seen  with  >,(300)  for  YC07  ''-4memu/ 
mole  and  ,,(3C0)  for  CeCo.,  Imemu/nole.  Moreover'  the 
temperature  dependence  of  >  across  the  series  changes 
dramatically.  For  0.4-.X-1.  ^  increases  with  increasing 
temper.iture  over  the  entire  range.  But  for  x<0.4,x  de¬ 
creases  with  increasing  temperatures.  At  the  lowest 
terrorature  ,  is  proportional  to  t2  for  all  samples. 
Evidence  will  be  presented  to  support  the  idea  that  d 
electron  spin  fluctuations  are  responsible  for  this  be¬ 
havior  across  the  entire  series  from  YCO2  to  CeCo.,. 

That  is,  f  electron  contributions  to  <  are  negligible, 
even  in  CeCo,.  Comparisons  to  theory  will  be  presented. 
•Supported  by  NSf  P"-l-;-:2 1  >  7d; . 
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NJ  15  {>  Wilence  and  fupercpndiictiv  ity  i_n  t^e  (re,Th) 

Run  b’.'-'lTm  AMW'LA.iA'i  and  T.  Mlr-ALltl'i,  Te-ple  U.  -- 
We  have  measured  the  normal  state  resistivity  and  super¬ 
conducting  Ir'5  bl^  Ce,  ^Th  Ru-  samples  from  x=0  to  1.  The 
effect  of  dilutim  pn^sdmably'mixed  valent  Ce  with  tetra- 
valent  Th  differs  rp-arkably  from  prior  msults  obt.itrpd 
for  Ce,_  La  Ru-,,  where  one  dilutes  Ce  with  trivalent  La, 
and  fef  fai'^ThjjRu2  where  one  dilutes  trivalent  La  with 
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EXPLORirJG  THE  OPTICAL  PROPERTIES  OE  DIELECTRIC 
COATED  METALS  WITH  INFRARED  SURFACE  PLASMONS 

Zack  Schlesinger,  Ph.D. 

Cornell  University,  1982 

The  surface  plasmon  (SP)  is  a  coupled  photon-plasmon  mode  which 
exists  at  metal  surfaces.  Unlike  other  bound  electromagnetic  modes 
SP's  are  not  confined  to  a  particular  region  of  space  by  geometrical 
boundaries.  Instead  their  field  profiles  are  determined  by  the  di¬ 
electric  properties  of  the  supporting  media  and  their  degree  of 
confinement  is  very  sensitive  to  small  changes  in  phase  velocity.  In 
this  thesis  the  optical  and  physical  properties  of  propagating  infra¬ 
red  SP's  are  explored  both  theoretically  and  experimentally  to  deter¬ 
mine  the  usefulness  of  this  high  resolution,  surface  sensitive  probe. 

With  ir  laser  sources  a  comprehensive  study  of  SP  propagation 
has  been  carried  out  at  84  cm  and  10  cm  using  dielectric  coat¬ 
ings  to  vary  the  degree  of  confinement  of  the  SP  mode.  Strong  linear 
coupling  occurs  at  coating  edges  between  SP  and  bulk  modes.  At  84 
cm  ^  SP  excitation  is  inefficient  and  plane  waves  dominate  the  surface 
transmission  signal,  while  at  1000  cm  ^  interference  between  the  SP 
and  plane  wave  modes  can  be  observed.  A  SP  interferometer  has  been 
do/eloped  to  measure  the  SP  phase  velocity.  From  SP  phase  velocity 
measurements  at  1000  cm"^  the  infrared  mass  of  Ag  and  Au  is  deter¬ 
min’d. 


The  feasibility  of  using  broadband  infrared  SP  transmission  spec¬ 
troscopy  to  study  the  vibrational  modes  of  molecules  on  metal  surfaces 
has  been  demonstrated  with  the  development  of  a  dispersion  compensating 
edge  coupler.  For  KReO^  coated  metal  samples  the  internal  vibrational 
mode  of  the  ReO^”  molecules  near  1000  cm"^  is  used  to  compare  the  SP 
and  surface  reflection  spectroscopy  techniques.  The  integrated  inten¬ 
sity  of  the  absorption  line  is  an  order  of  magnitude  larger  with  the 
SP  transmission  technique;  hov/ever,  the  overall  signal  level  is  too 
low  to  make  this  a  practical  technique  without  further  improvements 


FAR  INFRARED  ABSORPTION  BY  SMALL  SILVER  PARTICLES 

Robert  Philip  Devaty,  Ph,D. 

Cornell  University,  1983 

The  anomalous  enhancement  by  several  orders  of  magnitude 
of  the  measured  far  infrared  absorption  coefficient  of 
composite  materials  containing  small  metal  particles  with 
respect  to  the  predictions  of  simple  models  has  defied  under¬ 
standing  largely  due  to  a  lack  of  well-characterized  and 
controlled  samples.  To  address  some  of  the  most  basic 
questions  about  the  effect,  a  novel  composite  material — lOoS 
diameter  Ag  particles  imbedded  in  gelatin--was  developed  and 
investigated.  The  same  material  can  be  studied  by  both  far 
infrared  Fourier  transform  spectroscopy  and  transmission 
electron  microscopy.  The  volume  fraction,  f,  of  Ag  is 
adjustable  and  samples  with  either  well-dispersed  or 
agglomerated  particles  can  be  prepared. 

The  far  infrared  absorption  coefficient  was  measured  for 
a  variety  of  samples  and  compared  with  the  predictions  of  the 
Eruggeman  effective  medium  model  for  Drude  Ag  particles 
imbedded  in  the  absorbing  gelatin  host.  Agreement  between 
experiment  and  theory  was  obtained  for  samples  containing 
well-dispersed  particles  with  f  _<  0.15.  Due  to  absorption  by 
the  gelatin,  these  data  only  imply  a  bound  of  a  factor  of  one 
hundred  on  the  maximum  possible  enhancement,  although  the 
results  are  consistent  with  no  enhancement  whatsoever. 


Absorption  by  the  particles  dcninates  for  samples  with 
f  £  0.15,  but  the  measured  absorption  is  never  greater  than 
the  prediction  of  theory  by  more  than  a  factor  of  about  ten. 
For  samples  with  f  <  0.05  containing  deliberately 
agglomerated  particles,  the  absorption  per  particle  was 
enhanced  by  up  to  a  factor  of  ten  with  respect  to  samples 
with  well-dispersed  particles.  Thus,  composite  material 
co.ntaining  well-dispersed  particles  shows  no  evidence  for 
anomalously  enhanced  absorption,  but  agglomerated  particles 
are  stronger  absorbers  of  far  infrared  radiation. 
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An  IR  Surface  Electromannetic  Wave  Measurement  of 
Hydrogen  Adsorption  and  Surface  Reconstruction  of  W(IOO) 

Leonard  M.  Hanssen,  Ph.D. 

Cornell  University,  1985 

Both  the  clean  and  hydrogen  covered  W(IOO)  surfaces  are  probed  v/lth 
an  Inhomogenous  electromagnetic  mode  which  is  bound  to  the  metal  sur¬ 
face.  This  Surface  Electromagnetic  Wave  (SEW)  is  generated  from  a  plane 
wave  spectrum  by  means  of  a  grating  v/hich  is  directly  etched  into  the 
metal  surface.  A  second  grating,  spaced  about  5  cm  from  the  first, 
transforms  the  SEW  back  into  a  plane  wave  infrared  beam. 

Near  room  temperature,  the  temperature  dependence  of  the  magnitude 
of  the  SEW  signal  agrees  with  the  Drude  model  prediction  using  the  d.c. 
resistivity.  At  high  temperatures  (>1000K)  however,  the  SEW  signa’  is 
attenuated  to  such  a  large  extent  that  plane  wave  radiation  generated  at 
the  first  grating  can  be  detected  as  well.  Since  both  kinds  of  waves 
are  generated  coherently  and  travel  across  the  surface  with  different 
velocities,  interference  is  observed.  This  first  SEW  interferometer  on 
a  clean  metal  surface  is  used  to  directly  measure  the  real  part  of  the 
dielectric  function  in  the  10  urn  wavelength  region.  The  plasma  fre¬ 
quency  of  W  is  determined  to  be  ha)p=7.0±0.3eV,  about  17'S  larger  than 
that  estimated  from  other  less  accurate  optical  techniques. 

The  first  SEW  spectrum  of  surface  reconstruction  has  been  observed 
upon  hydrogen  adsorption  on  a  W(IOO)  sample  maintained  near  room  tem¬ 
perature.  The  reconstruction  of  the  W(100)-ll  surface  is  checked 
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and  calibr^ed  through  LEED  observations  and  thermal  desorption 
measurements.  The  SEW  signal  is  found  to  follow  a  sigmoid  curve  as  a 
function  of  coverage.  Intensity  changes  as  large  as  30%  of  the  clean 
surface  value  occur  as  the  state  of  the  W(100)-H  surface  changes.  This 
extreme  sensitivity  of  the  SEW  attentuation  length  to  surface 
reconstruction  is  shown  to  be  consistent  with  changes  in  the  diffuse 
surface  scattering  component  of  the  conduction  electron  scattering  time. 

In  addition  to  identifying  the  SEW  signature  associated  with 
surface  reconstruction  of  W(100)-H,  it  has  been  possible  to  identify  the 
SEW  absorption  associated  with  the  vj  vibrational  mode  of  the  hydrogen 
saturated  W(IOO)  surface.  The  absorption  line  is  measured  to  be  broad 
in  frequency,  FWHM=120  cm"^,  and  of  line  strengh  given  by  the  effective 
dipole  charge  (e*/e)=0.07.  These  results  are  in  agreement  with  previous 
EELS  measurements  but  contradict  an  earlier  SEW  measurement  where  a 


narrow  line  was  found. 
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